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INTRODUCTION. 


Durmg the last decade there has been a distinct tendency toward 
higher specialization in American industries. The late war, with its 
demands for a greater output of practically all agricultural and 
manufactured products, further stimulated industrial effort, and now 
the high cost of labor, increased freight rates. and the keen competi- 
tion which has grown out of the postwar period has forced upon us 
the necessity of even greater efficiency in our industrial processes. 

While the American fertilizer industry up to the time of the 
Kuropean war had shown a rather steady, healthy growth, in some 
regards it had lagged considerably. This was due in part, no doubt, 
to the fact that it had always been an industry utilizing refuse and 
waste products generally regarded as unfit for other purposes, and 
partly to the fact that the American farmer had grown so accus- 
tomed to the use of relatively low analysis fertilizers that it was 


; 1 For complete treatise on the mining of phosphate rock and various methods of manufacturing phos- 
phoric acid and phosphates for fertilizer and other purposes the reader is referred to a book entitled 
**Phosphoric Acid, Phosphates, and Phosphatic Fertilizers,” by Wm. H. Waggaman and Henry W. 
Easterwood, which will appear shortly as a monograph of the American Chemical Society. 
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difficult for him to see that the same fertilizer value might be carried ' 
in very much smaller bulk, and that by using the more concentrated | 
materials he could actually obtain the unit of plant food at a con- 
siderably lower cost, owing to the saving effected in storage, shipping, || 
and handling charges. 

The gradual realization, however, that many of these low analysis 
materials, such as tankage, cottonseed meal, fish scrap, and the like, | 
could be used much more profitably as stock feed than as ferti- | 
lizer resulted in the manufacturers turning toward the higher grade 
materials and chemical compounds carrying nitrogen, phosphoric 
acid, and potash to make up the deficit caused by the SN ce of 


the organic ammoniates for the feeding of animals. Many of the |} 


high-grade materials and chemical products useful in the manufacture | 
of fertilizers are also essential in the production of munitions, and | 
therefore this double demand during the war period probably did 
more than anything else toward initiating researches which will 


eventually establish the fertilizer industry on a sound chemical basis.? || 


Of the three main fertilizing ingredients, potash, nitrogen, and phos- | 


phoric acid, the last mentioned is by far the most extensively used || 


in American agriculture, and therefore the production of phosphates | 
and fertilizers carrying phosphoric acid have received more attention 
than any other. It is true that an American potash industry was 
built up during the war, where none existed before, but our output © 
of this fertilizer ingredient has now been very much curtailed by 
foreign competition * and unless we can perfect methods of recovering | 


potash as a by-product of other industries the economic production |) 


of this material from .\merican sources appears doubtful. . 

The researches on methods of fixing atmospheric nitrogen which || 
are being carried on in this department and the probable development 
of much cheaper hydroelectric power than is at present available will || 
eventually establish large industries wherein synthetic nitrogen com- || 
pounds will be manufactured as main products, but at present the 
mining and manufacturing of phosphates for agricultural purposes 
is the only branch of our immense fertilizer industry in which we are 
not dependent either upon foreign sources or upon the by-preducts 
of other industries for the necessary supply of raw materials. 

In recent years pyrolytic methods of producing phosphoric acid 
have been receiving a great deal of consideration, and rather exhaus- 
tive investigations have been conducted in this bureau with a view 
to establishing their commercial possibilities. From the data obtained 
and the progress so far made on this problem both in the bureau and 
by outside commercial interests it seems highly probable that this 
process will be employed in the near future to supplement, in part at 
least, the now almost universally applied method of making water- 
soluble phosphates by treating phosphate rock with sulphuric acid. 


PRINCIPLES INVOLVED IN THE VOLATILIZATION PROCESS. 


While the volatilization process for producing phosphoric acid has | 
only recently assumed much prominence, the general scheme em- | 
ployed is by no means a new one, it being based on the old method | 
so long in use for the manufacture of elementary phosphorus. ~- 


2Whitney, Milton. The Fertilizer Situation. Chem.and Met. Eng. 22, p. 1021 (1920). 
3Nourse,M.R. Potashin1921. In Mineral Resources, U.S. Geological Survey, part 2, pp. 51-63 (1922). 


MANUFACTURE OF PHOSPHORIC ACID. 3 


_ The fundamental principle involved is that at high temperatures 
(1,600° to 1,800° C.) silica assumes the properties of a relatively 
strong acid in so far as its ability to combine with bases is concerned, 
and therefore it can displace the phosphoric acid of phosphate rock 
forming silicates of lime and free phosphoric anhydride (P,0;). The 
latter compound being highly volatile at elevated temperatures is 
driven off as a fume and may be collected either by absorption in 
water or by means of the Cottrell electrical precipitator, which is 
described later in this bulletin. When carbon or coke is added to 
the mixture to be smelted elemental phosphorus is produced, and if 
reducing conditions are maintained throughout the operation the 
decomposition of the rock and expulsion of its phosphorus content 
may be brought about at considerably lower temperatures (1,300° 
to 1.500° C.). 

According to Nielsen,‘ while tricalctum phosphate and silica begin 
to react at a temperature of 1,150° C. and continue to form various 
compounds up to 1,650° C., unless a reducing agent is present these 
chemical changes merely consist in certain combinations of the two 
substances and no phosphoric acid is evolved. This same author 
states that while CO will not reduce tricalcium phosphate this latter 
compound is completely reducible by carbon, the reduction beginning 
at 1,400° C. He claims, however, that there always remains some 
phosphorus in the residue because the CaO formed unites with the 
_ undecomposed calcium phosphate to form more basic compounds of 
phosphoric acid which are not reduced by carbon. Peacock® takes 
issue with Nielsen on this point, stating that if the evolved gases 
are removed as fast as they are formed complete dispersion of phos- 
phorus is obtained by heating mixtures of phosphate rock and carbon. 
Carnot,® Stead,’ and Kroli,§ however, huve recognized the exist- 
ence of certain nonvolatile compounds of phosphoric acid, silica, 
and lime in basic slag where an excess of lime is always present, and 
it seems logical to the writers that such compounds would form in 
simple mixtures of phosphate rock and carbon after sufficient. P,O, 
were evolved to render the residue basic. Nielson is wrong, however, 
in his conclusion that P,O; is not evolved upon heating mixtures of 
phosphate rock and silica in the absence of a reducing agent, for 
_ later experimentation has shown that where a relatively high per- 
centage of silica is added phosphoric acid is copiously evolved when 
the temperature of the mass approaches 1,800° C.. 

The presence of a reducing agent is essential, however, in order to 
bring about the volatilization of phosphoric acid (or phosphorus) at 
the lower temperatures and the writers have found that by briquet- 
ting finely ground mixtures of phosphate rock, silica, and coke (thus 
insuring reducing conditions within the mass and a close contact 
between the reacting materials) the volatilization of P,O, begins con- 
siderably below 1,300° C. and by prolonged heating at this tempera- 
ture the bulk of this acid may be driven off. 

While various silicates of lime are no doubt formed in smelting 
mixtures of phosphate rock, sand, and coke, depending on the silica- 


4 Ferrum, vol. 10, p. 97-111 (1913). Translated in American Fertilizer, vol. 39, No. 6, p. 63 (1913). 
$ American Fertilizer, vol. 39, No. 6, p. 67 (1913). 

6 Compt. Fend. 97, p. 136 (1883). 

7 Trans. Chem. Soc. 51, p. 601 (1887). 

8 Jour. Iron and Steel Inst. 2, p. 126 (1911). 
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lime ratio in the charge, the general course of the reaction is usually — 
represented by the following simple equation: | 


Ca,(PO,), + 3910, +5C=3CaSiO, + P,+5C0. 


The phosphorus evolved is oxidized by air or carbon dioxide to © 
phosphorus pentoxide either within or outside of the furnace proper 
according to the following equation: 


(1) 2P,+50,=2P,0, 
(2) P,4+5CO,=P,0,+5C0. 


Actual experience has proven, however, that in oxidizing phos- 
phorus either with air or carbon dioxide there is ordinarily sufficient 
moisture present to form orthophosphoric acid and even where the 
Cottrell method of precipitation is employed the final product is a. 
liquid. This reaction is represented thus: 


PQs + 3H,O — 2H, PO,. 
ADVANTAGES OF THE VOLATILIZATION PROCESS. 


The pyrolytic process of producing phosphoric acid for fertilizer ° 
purposes appears to offer four distinct advantages over the sulphuric 
acid process even where the actual cost of the power or fuel required 
per unit of soluble P,O; is somewhat greater than the cost of the 
sulphuric acid necessary to effect the same result. 

(1) This process makes it possible to utilize low or medium grade 
phosphate deposits which are unfit for treatment with sulphuric 
acid, either because of their low content of P.O, or their relatively 
high content of such impurities as oxides of iron and aluminum. 
Where the presence of 6 to 8 per cent of these impurities will cause 
a rock to be rejected as unsuitable for acid phosphate manufacture, 
this amount of alumina tends to aid rather than interfere with the 
reactions sought in the furnace process. Iron likewise, while very 
objectionable in the sulphuric acid process, causes no trouble in the 
furnace method other than its tendency to “ fix’’ some of the phos- 
phoric acid in the form of ferrophosphorus.® The formation of a 
certain amount of this compound, however, does not necessarily 
mean a loss, since it finds a ready market in the steel industry. The 
chief impurity in phosphate rock is usually silica, which is often 
present in such large amounts as seriously to dilute the acid phos- 
phate made therefrom. Yet such phosphates may require further 
additions of sand in order to obtain the proper silica-lime ratio for 
successful treatment by the furnace process. 

(2) The furnace method of treating phosphate rock makes it possible 
to dispense with the elaborate washing and screening processes now 
so extensively employed in Florida and Tennessee to separate the 
phosphate rock from the gangue or matrix in which it is embedded. 
As has been previously pointed out,’® this mechanical separation 
involves the loss of a great deal of finely divided phosphate which 
would be practically all saved if the ‘‘run-of-mine”’ material were 
treated directly by the furnace scheme. 

(3) The adoption of this method would largely eliminate the use of 
sulphuric acid which under present conditions is hauled to the fertilizer 


9 An alloy of iron and phosphorus containing as a rule from 10 to 20 per cent of the latter element. 
10 Phosphorus in Fertilizer, Yearbook, U. S. Department of Agr., 1920, p. 217. 
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Fic. 2.—In the furnace method of preparing phosphoric 4 Assuming a 90 per cent efficienc 
in the furnace plant, the final product is a liquid conta) number of eonccsesai| prods 
suitable for fertilizer use. 
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lants as acid and hauled away again as gypsum in acid phosphate. 
The chief function of this sulphuric acid is that of a reagent for 
converting the phosphate rock into a form which is quickly available 
to crops. In the manufacture of ordinary acid phosphate it dilutes 
by 50 per cent every ton of phosphate rock thus treated, forcing the 
ultimate comsumer to pay freight and handling charges on relatively 
valueless material. While it adds sulphur in the form of gypsum, 
which is recognized as a soil constituent essential for plant growth, it 
is sold strictly on the basis of its content of available P,O,. Even 
where sulphuric acid is used to produce phosphoric acid and this 
latter product subsequently employed to make double acid phos- 
phate, the separation of the gypsum by filtration and the subsequent 
evaporation of large quantities of water tend to offset any advantage 
gained in the manufacture of a concentrated product. 

(4) By the use of electric or fuel furnaces located near the phosphate 
mines it would be possible to produce (at the source of the raw 
material) a relatively concentrated product which would stand heavy 
handling charges and the cost of long freight hauls. This concen- 
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Fic. 3.—A car loaded to capacity (60,000 pounds) with 16 per cent acid phospate (the standard phos- 
phate fertilizer of to-day) contains only 9,600 pounds of actual phosphoric acid (P205). Yet trans- 
portation and handling charges must also be paid on 84 per cent of gypsum and various impurities 
contained in this product. Our annual freight bill for transporting acid phosphate is fully $12,000,000. 


trated product may be either strong phosphoric acid in liquid or 
crystallized form which can be shipped as such in lead-lined tank 
cars or wooden containers, double acid phosphate (containing from 
40 to 50 per cent of soluble P,O,) made by treating phosphate rock 
with this strong phosphoric acid, ammonium phosphate which is 
produced by passing ammonia gas into phosphoric acid, or potassium 
phosphate which is formed by decomposing a potash salt such as 
muriate with phosphoric acid. In any event a product of the highest 
fertilizer value occupying but littie storage or car space would be 
obtained which could be readily shipped and distributed at the least 
possible cost. 

Figures 1 and 2 show graphically the saving in raw materials (and 
in the bulk of finished product) which may be effected by treatin 
run-of-mine phosphate by the pyrolytic, or furnace, process instea 
of putting the material through a washing process and subsequently 
treating the washed rock with sulphuric acid. In Figures 3, 4, and 
5 the economies which may be brought about by shipping these more 
concentrated products are illustrated. 
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F .—In th esent method of preparing phosphatic fertilizers only half of the phosphoric acid present in the deposit reaches the fertilizer factory In the form of washed rock. This rock is then treated with an 
Se CD eae Rae SE ICEUTIG acid and manufactured into acid phosphate—a product containing the same amount of phosphoric acid but in fully twice the bulk. Saual Scion 
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Fia. 2.—In the furnace method of preparing phosphoric acid the entire deposit of piorphate may often be utilized, and thus the losses of 50 per cent entailed in pe ae urifying the rock eliminated. Assuming a 90 per cent efficlenty 
T 


Ay} hae pura Plant, pe final product isa liquid containing nearly twice as much phosphoric acid (PsOs) as acid phosphate in a little more than half the welght. acid may be manufactured into a number of concentrated product 
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A REVIEW OF METHODS FOR PRODUCING PHOSPHORUS AND 
PHOSPHORIC ACID BY VOLATILIZATION. 


While the production of phosphorus has always depended on the || 
volatilization of this element from its compounds under reducin 
conditions, in the early days of its manufacture the system employe 
was elaborate, cumbersome, and costly.‘ It involved, first, the 


32700 Lbs R,Os in car loaded 
with liquid Phosphoric Acid. 
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Fic. 4.—A car loaded to capacity (60,000 pounds) with liquid phosphoric acid (75% H3P04) manufac- 
tured by the pyrolytic or furnace process contains 32,700 pounds of actual P20;, or nearly three andi 
one-half times as much as that in a car of acid phosphate. 


treatment of phosphate of lime with sulphuric acid; second, the 
separation by filtration of the phosphoric acid thus obtained; third, 
the concentration of this acid by evaporation; and, fourth, the mixing 
of this acid with charcoal or coke and the heating of the mixture to 
high temperatures in clay retorts. Practically every step entailed 
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Fic. 5.—A car loaded to capacity (60,000 pounds) with either double acid phosphate or mono-ammonium 
phosphate contains from 28,800 to 37,000 pounds of actual P20;, or from three to four times as much 
as that inacar of acid phosphate. By shipping our phosphoric acid (P2O;) in these concentrated. 
forms an annual saving of from $8,000,000 to $9,000,000 in freight charges alone might be eventually 
effected on this fertilizer ingredient. 


some loss of the material sought, so the recovery of the phosphorus. 
was very incomplete. 

Apparently the substitution of silica for sulphuric acid, so that 
phosphorus could be produced directly from phosphates of lime, was 
first proposed by Auberton and Boblique” in 1867, when these 
inventors took out a patent for volatilizing and collecting elementary 


11Readman, J. B. An account of the Manufacture of Phosphorus. J. Soc. Chem. Ind. 9, p. 163 (1890).. 
12 Readman, J. B. J. Soc. Chem. Ind. 9, p. 473 (1890). 
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phosphorus from pulverized mixtures of phosphate rock, sand, and 
coke heated to a high temperature in closed containers. ‘Two years 
later (1870) Auberton'® advocated the use of a blast furnace for 
fusing a mixture of phosphates, silica, and coke and driving off and 
collecting elemental phosphorus; and in 1879 Serve™ took out a 
patent in which he proposes the use of blocks or bricks of an intimate 
mixture of phosphates and silica bound together by pitch, tar, or 
coal and smelted in a blast furnace. 

The first process for volatilizing phosphoric acid recorded in this 
country is that of Giles and Shearer,'* who took out a patent in 1888 
for separating this acid from its impurities by passing a current of 
steam over the acid heated to redness. The distillate consisted of 
relatively pure phosphoric acid. In 1889 Readman "* proposed to 
produce elementary phosphorus by heating in an electric furnace 
(from which air was excluded) a mixture of phosphorus-yielding 
material (in solution), sand. and coke. Two years later (1891) in an 
address before the Society of Chemical Industry this inventor 
stated that he had found it was unnecessary to dissolve the phos- 
phate mineral with sulphuric acid before furnacing, since a mixture 
of sand and coke decomposes it completely at the temperatures 
attained in the electric furnace. This general scheme is the one 
almost universally employed in the manufacture of phosphorus for 
matches and combustible products. In a general way the processes 
of Wing,'® Duncan,’ G. C. Landis,?? and Haff?! are similar to that 
proposed by Readman, since (with the exception of that of Wing ”’) 
they all deal with the production of phosphorus by smelting mix- 
tures of phosphate rock, sand, and coke in an electric furnace. Wing 
and Landis, however, claim advantages for briquetted or molded 
charges on the basis that the temperature is more easily controlled, 
dust avoided, and a purer product recovered. 

Ruymbeke*” appears to have been the first in this country to 
patent a furnace process for the recovery of phosphoric acid rather 
than phosphorus. He advocates the use of a blast furnace for treat- 
ing mixtures of phosphate rock, a reducing agent, and an acid flux, 
introducing into the upper part of the furnace sufficient air to oxi- 
dize any elemental phosphorus. In the processes of De Chalmot,” 
Maywald,”> Levi,”* Haff,?7 and Wilson and Haff * mixtures of phos- 
phate rock and silica are heated in an electric furnace, but no reduc- 
ing agent is added. The following reaction is assumed to take place: 


Ca,(PO,), +3510, = P,O; + 3CaSiO,. 
It is proposed to absorb the volatilized P,O, in water to form 


H,PO,, and Levi” also suggests adding a salt of soda or potash to 
the residual slag in the furnace to make a soluble silicate. 


13Readman, J. B. J. Soc. Chem Ind. 9, p. 473 : 22 This inventor proposes the use of a cupola 
y- urnace. 

4 Idem. 22U.S. Patent No. 540124 (1895). 

16U.S. Patent No. 393428 (1888). 2#U.S. Patent No. 689286 (1901). 

16 U.S. Patent No. 417943 (1889). 2 U.S. Patent No. 902157 (1908). 

17J. Soc. Chem. Ind. 10, p. 445 (1891). 26U.S. Patent No. 984769 (1911). 


U.S. Patent No: 452821 (1891). 27U.S. Patent No. 1076497 (1913). 
: 2 U.S. Patent No. 1076499 (1913(. 

20U.S. Patent No. 859086 (1907). 29 Loc. Cit. 

21U.8. Patent No. 1084856 (1914). 
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The experience of the writers, however, as well as that of a number 
of other investigators, has been that in the absence of a reducing 
agent very much higher temperatures must be employed to break 
the bond between the lime and phosphoric acid in the phosphate 
rock. and therefore it is poor economic practice to produce phos- 
phoric acid without the addition of carbon or coke when such material 
can be obtained so cheaply. 

Machalske *° suggests that coke and an alkali metal chloride (sodium 
chloride) be mixed with the phosphate rock in the electric furnace, 
claiming that phosphorus chloride or hydrochloric and phosphoric 
acids are volatilized and sodium carbide is produced. He further 
claims that by mtroducing nitrogen sodium cyanide or cyanamid is 
obtained. 

Haff ** and Wilson and Haff * propose to heat feldspar and phos- 
phate rock in an electric furnace to 2,000° C. without the addition of 
a reducing agent, claiming that phosphoric acid and potash are 
simultaneously evolved with the production of potassium phosphate 
according to the following equation: 


3A1,0,.K,0.Si0, +Ca,(PO,), = 3Al,0,.Ca0.Si0, + 2K,PO,. 


These processes are open to the same objection as those of May- 
wald, Levi, and certain other processes proposed by Wilson and Haff 
in which no reducing agent is employed, and consequently very high 
temperatures are required. 

Hechenbleikner * employs’ carbon or coke in addition to feldspar 
in smelting the phosphate charge, but it would seem to the writers 
that even under these conditions greater energy would be required 
to effect the chemical change indicated above, since potash is more 
readily volatilized from a basic and phosphoric acid from an acid 
slag. The economic possibility of employing silica in the form of 
ereensand, potash shales, feldspar, or other potash-bearing silicates 
in the furnace process is very attractive, however, and this problem 
is now under investigation in this bureau. 

With a view to producing compounds containing both phosphorus 
and nitrogen, Peacock ** heats mixtures of phosphate rock and car- 
bon in an atmosphere of nitrogen, claiming that phosphorus and 
carbonitrides are produced which can be converted into ammonia 
and ammonium phosphate by treatment with steam. No particular 
type of furnace is specified by this inventor. As far as known, how- 
ever, there has been no commercial application of this process. 

With a view to the simultaneous production of ferrophosphorus 
and phosphoric acid or other phosphorus compounds, J. J. Gray * 
proposes to smelt a mixture of phosphate rock, silica, coke, and iron 
ore in an ordinary blast furnace. The ingredients in the charge are 
so proportioned that while the maximum displacement of phosphorus 
from the phosphate rock is sought the amount of iron added in the_ 
form of ore is insufficient to take up all of the phosphorus thus 
evolved. Two blast furnaces for the production of ferrophosphorus 
are in operation in Tennessee, but in neither case is any elemental 
phosphorus or phosphoric acid recovered. 


30U. S. Patents Nos. 789438, 789439, 789440 (1905). 33 U.S. Patent No. 1299337 (1919). 
31U. 8. Patent No. 1018186 (1912). 34U.S. Patents Nos. 1129514, 1129722 (1915). 
32U.S. Patent No. 1103910 (1914). 3% U.S- Patent No. 1168495 (1916). 
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Washburn ** and Hechenbleikner*” have each taken out a great 
number of patents dealing with processes for the volatilization of 
phosphoric acid and with types of furnaces in which the reactions 
may be brought about. Space forbids detailed discussions of all 
these methods and apparatus, but several which appear to have par- 
ticularly interesting features are given below. 

In Patent No. 1100639 (1914) Washburn proposes to charge a 
mixture of phosphate rock, silica, and carbonaceous material into 
the shaft of a blast furnace, where the combustion of the fuel is 
effected and the mass brought to a state of fusion. The molten 
material is then run into the crucible of an electric furnace, where 
the final smelting of the charge and complete volatilization of the 
phosphoric acid is accomplished. In Patent No. 1314229 (1919) he 
describes an apparatus in which are combined certain features of 
both the blast and electric furnace, and suggests a briquetted mix- 
ture of phosphate rock and silica in order to insure a free passage of 
the gaseous products through the charge in the shaft. Air is intro- 
duced into the shaft to burn the combustible gases and evolved 
phosphorus and thus preheat the green charge. 

Both Hechenbleikner and Washburn describe furnaces * in which 
the charge is fed through a rotary kiln and the preheated or partially 
smelted mass then run into the crucible of an electric furnace, where 
coke or some other carbonaceous material is added and the remain- 
ing phosphoric acid is driven off. By leading the hot and burning 
gases through the kiln countercurrent to the phosphate charge, heat 
economies are effected which cut down the energy required in smelt- 
ing the material in the electric furnace. 

Other processes related to the volatilization of phosphorus and 
a: ls acid are described in the public service patents taken out 

y Ross, Carothers, and Merz**, Waggaman, and others *°. 


THE USE OF THE ELECTRIC FURNACE IN THE VOLATILIZATION OF PHOSPHORIC ACID. 


The first experimental work conducted m this bureau on the pro- 
duction of phosphoric acid by the volatilization process was carried 
on by Ross, Carothers. and Merz“ in an electric furnace. A fair 
grade of sand and coke and a medium grade of Florida pebble phos- 
phate were employed, these ingredients being mixed in such propor- 
tions as to react according to the first equation given on page 4 except 
that an excess of 20 per cent of both coke and sand were added over 
that theoretically required. 

A furnace of very simple design was used in these early experi- 
ments. It consisted of an iron cylinder, 4 feet in diameter and 44 
feet high, lmed with 9 inches of fire brick, and provided with a tap 
hole near the bottom for the removal of the slag. A three-phase 
alternating current was used, and this was stepped down from 220 volts 
by two single-phase 75 kilovolt ampere transformers. Each trans- 
former was provided with a split primary, and by joining in different 
combinations in series and in parallel the coils in the secondary, volt- 


#U. S. Patents Nos. 1000311 (1911); 1044957, 1047864 (1912); 1100639 (1914); 1149233 (1915); 1314229 
(1919); 1359211 (1920); 1373471 (1921). 
cm. S. Patents Nos. 1112211 (1914); 1167755, 1173960, 1202837 (1916), 1217306 (1917); 1299336, 1299337 
%U.S8. Patents Nos. 1167755 (1916); 1299336, 1299337 (1919): 1359211 (1920). 
3U.S. Patents Nos. 1283398 (1918); 1284200 (1918); 1329273 (1920). 
#U.S. Patents Nos. 1241971 (1917): 1282994 (1918): 1334474 (1920); 1387817 (1921). 
Jour. of Ind. and Eng. Chem. 9, No. 1, p. 26 (1917), 
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ages varying from 40 to 100 in steps of 20 and also halves of these 
EE ie were obtained. A view of this first furnace is shown in 

ate i. 

Practically complete volatilization of phosphoric acid from the 
mixtures given above was readily obtained, but during the prelimi- 
nary stages of the work great difficulty was experienced in recovering 
the acid thus evolved, since its absorption in water can only be com- 
pletely brought about by rather elaborate systems of sprays, baffles, 
or diving walls, and even then it is impractical to collect all of the 
P,O; fumes in the form of strong phosphoric acid. These investiga- 
tors, therefore, decided to try out the Cottrell method of electrical 
precipitation ” for collecting the volatilized acid, and after a good 
deal of preliminary experimentation built a small plant which proved 
conclusively that this process could not only be successfully employed: 
but possessed a number of advantages over the water-absorption 
system. This was the first time that the Cottrell precipitator was 
ever used for collecting a product purposely volatilized in order to 
apply this method of recovery. 

Since this same precipitator was used in the early experiments 
conducted by the senior author of this bulletin, a quotation descriptive 
of the apparatus and its auxiliary equipment taken from the article 
of Ross, Sarothars and Merz* is given below. 


COTTRELL ELECTRICAL PRECIPITATOR, 


The power used in the precipitator was provided by a 110-volt, 60-cycle, alternating- 

current motor-generator set, and was stepped up by an 8 kilovolt ampere transformer 
capable of yielding voltages of 10,000, 20,000, and 40,000 volts. In these experiments 
the highest voltage only was used. From the transformer the current was changed 
to intermittent direct current by a small mechanical rectifier attached to the shaft 
of the generator and so adjusted as to operate in synchronism with it. The positive 
lead from the direct current side of the rectifier was earthed while the other terminal 
was connected to the wires suspended in multiple, one in each of the pipes used in 
the precipitator. Each pipe was then earthed. 
*“S In the preliminary experiments made with this precipitator, sheet-iron pipes were 
used, 6 inches in diameter and 10 feet high. The precipitated acid, however, had 
such a corrosive action on the pipes that they had to be abandoned. Pipes were 
then constructed from ordinary 6-inch glazed terra-cotta tile, five sections being 
taken foreach pipe. The precipitated acid gave to the inside of the pipes an effective 
conductive surface and in grounding the pipes it was found sufficient simply to bring 
the ground wire to the inside surface of side pipe at one point. Arranged in this 
way the terra-cotta pipes could be used just as efficiently in the precipitation of the 
acid as metal pipes and they had the very important advantage of being unafiected 
by phosphoric acid. Wires of monel metal were found to be least acted upon when 
suspended in the pipes, but nichrome wire also served quite well. Weights were 
suspended at the ends of the wires and individual oscillations were prevented by ja 
wire connecting all the weights. * * * 


42 Lodge, Sir Oliver, The Electric Disposition of Dust, Smoke, etc., Jour. Soc. Chem. Ind. 4, p. 57 
(1886); Cottrell, F. G., Electrical Precipitation of Suspended Particles, Jour. of Ind. and Eng. Chem. 8, 
. 542 (1911); Strong, W. W., Electrical Precipitation of Suspended Matter in Gases, Jour. Franklin 
nstitute 174, p. 239, Sept. 1912; Cottrell, F. G., Electrical Fume Precipitation, Trans. Amer. Inst. Min. 
Engrs. 43, p. 512 (1912); Cottrell, F. G. Problems in Smoke Fume and Dust Abatement, Smithsoniarr 
Institution, Report, 1913, p. 653, Publication No. 1307 (1914); Howard, W. H., Fume Precipitation at 
Garfield, Bul. Am. Inst. Min. Engrs. 49, p. 540 (1914); Nesbit, A. F., Theoretical and Experimental 
Considerations of Electrical Precipitation, Proc. Am. Inst. Elect. Engrs. 34, p. 507 (1915); Strong, W. W., 
Theory of Electrical Precipitation, Proc. Am. Inst. Elect. Engrs. 34, p. 220 (1915); Bradley, Linn, Prac- 
tical Application of Electrical Precipitation, Proc. Am. Inst. Elect. Engrs. 34, p. 523 (1915); Shmidt, 
W. A., Cottrell Processes of Electrical Precipitation, Trans. Canadian Mining Inst., p. 110 (1915); Strong, 
W. W., Some Theoretical Aspects of Electrical Fume Precipitation, Trans. Am. Electro. Chem. Soc. 31, 
p. 415 (1917); Heimrod and Egbert, The Cottrell Processes in the Sulphuric Acid Industry, Chem. Met. 
Eng. 19, p. 309 (1918); Gellert, N. H., Electrical Cleaning of Blast Furnace Gas, Blast Furnace and Steel 
Plant 7, p. 334 (1919); Landolt and Pier, Air Cleaning by the Cottrell Electrical Precipitation Processes, 
Bul. Am. Soc. of Heating and Ventil. Engrs., January (1920); Hesson, Landolt, and Heimrod, Recent 
Applications of the Cottrell Processes, Eng. and Min. Jour. 112, p. 446 (1921). 
43 Loc. cit. 
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The capacity of the fan used in drawing off the fumes from the furnace was 450 
cubic feet per minute. As shown later, this flow of air was much in excess of that 
necessary to oxidize the phosphorus evolved from the furnace. Using a fan of this 
¢apacity it was found neccessary to use six pipes to bring about complete precipitation 
of theiumes. * * * 

Since the phosphorus passes off from the furnace for the most part in the form of 
phosphorus pentoxide it might be expected at first thought that it would be collected 
as such in the precipitator. A simple calculation will show, however, that this is 
not practical, for there will always be enough moisture in the charge used and in the 
air required to oxidize the phosphorus evolved to convert the phosphorus pentoxide 
either in whole or in part into phosphoric acid. * * * 

When the fumes were passed through the tower and precipitation thus made at a 
temperature but little above normal, the concentration of the acid first collected 
-was in the neighborhood of 60 per cent phosphoric acid. * * * On cutting down 
the flow of air somewhat the concentraticn of the acid was increased to about 80 per 
cent, and it is quite evident that with the humidity of the air remaining the same a 
still more concentrated acid might be obtained by further limiting the flow of air 
through the furnace. 


After the precipitator tower just described had been used inter- 
mittently for over two years it was found necessary to have one with 
a greater capacity. better suited to handle the gases (at a high velocity) 
evolved from a fuel-fired furnace. Accordingly the old treater of six 
(6-inch) terra-cotta pipes 14 feet long was torn down and a new one 
built containing nine pipes of the same dimensions; thus the capacity 
of the collector was increased approximately 50 per cent. In order 
to prevent the wires in the pipes from swinging in unison (a condition 
which at times caused considerable trouble in the old precipitator) 
the weights were not only fastened together with a grid but this grid 
was connected with a rigid horizontal bar (pipe) which passed through 
the center of a 6-inch terra-cotta pipe cemented into the side of the 
precipitator chamber. This bar in turn was anchored to an insulator 
outside of the tower. Such an arrangement did away with the 
frequent arcking encountered in the earlier experiments due to the 
swinging of the wires. 


LARGER SCALE EXPERIMENTS. 


The results obtained in the preliminary experiments with the elec- 
tric furnace were so encouraging that it was deemed wise to continue 
the investigation on a larger scale in order to determine the commer- 
cial possibilities of the process. Accordingly a cooperative arrange- 
ment was entered into with several firms interested in this line of 
work and a plant of considerably larger capacity and much better 
suited for the purpose than that at Arlington Experimental Farm was 
erected at Hoboken, N.J. Protracted tests were made over a period 
of several days and weeks, and data obtained from which the cost of 
producing phosphoric acid by this method was estimated. This 
work was conducted under the direct supervision of J. N. Carothers, 
and a quotation from his article** describing the equipment is given 
below: 

From the transformer ratings, the plant was a 200-kilowatt installation. The 
incoming power was quarter phase, 2,400 volts, which was transformed to 3 phase, 
220 volts, by a bank of Scott connected tranformers. A second bank of transformers 
and a set of double-throw switches made it possible to have either 220 volts or 110 
volts in the furnace. This arrangement was adopted so as to use the higher voltage 


for starting and the low voltage for operating. For the best operating conditions 110 
volts were found satisfactory. 


“Jour. Ind. and Eng. Chem. 19, No 1, p. 35 (1918). 
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The furnace consisted of a water-cooled crucible, with the cooled section extend- 
ing no higher than the region of the molten slag. It was lined with fire-clay brick, 
but silica brick would prove more satisfactory. The portion not exposed to the 
action of slag was lined with a fire-clay brick. All gas mains and the cooling tower 
had a fire-clay brick lining. The heat from the gases served to harden the exposed 
surface and thus improve the service of the brick. The electrodes entered through 
the top of the furnace, but below a line where the charge entered. Care should be 
taken in the design of such furnaces that the angle of the electrodes conform with 
the angle of repose of the charge. Thus as the charge falls ina natural pile, the 
breakage of electrodesis eliminated. Electrodes may be conveniently controlled by 
hand, or mechanically. Hand control was used in this experiment, with the control 
so located that the switchboard and instruments could be observed. Six-inch and 
four-inch graphite electrodes were used. The life of a 4-inch electrode was about 7 
days, while the 6-inch electrodes lasted on an average of 10 days under favorable 
conditions. Thus it may be seen that with such a low consumption electrodes may 
be operated by hand, since the chief movement of electrodes is when they are con- 
sumed. In this experiment the charge was fed by hand; however, this is obviously 
impractical in a large installation, where mechanical apparatus should be used. 
Dune regular operation about 2,000 pounds of rock were consumed per 12-hour 
period. 

A slag pit filled with water was used to quench the molten slag as it flowed from 
the furnace. The slag thus chilled slid to one end and was removed mechanically. 
The P,O,; content of the slag was approximately 2 per cent, although it is possible 
to reduce it to 1.5 per cent or even 1 per cent for regular operation. The P.O, con- 
tent of the slag is largely a matter of the mixing of the charge and using the proper 
proportions of rock, sand, and coke. 

The average production was 0.3 pound H,PO, per kilowatt hour absorbed; 
however, there were periodic yields, during times of good operating conditons, in 
which 0.4 pound HPO, per kilowatt hour was produced. Judging from the average 
results of this experiment it seems reasonable to assume that a production of 0.6 
rag H,PO0, per kilowatt hour is possible. Of course, the production is entirely 

ependent upon the efficiency of the furnace. In the case of this work no means: 
were adopted to utilize the heat absorbed by the water surrounding the crucible or 
in the gases carried over from the charge. Also there were heat losses from the 
oxidation of phosphorus to phosphorus pentoxide (P,O,) and carbon monoxide (CO) 
to carbon dioxide (CO,) which, if utilized, would materially have increased the 
efficiency of the process. 

As the gases were removed from the furnace they passed through a cooling tower 
before entering the treater. This tower was installed to afford sufficient radiation, so- 
that the gases entered the treater at 250° to 300° C. Above these temperatures in 
the treater electrical and mechanical difficulties arise which make higher temper- 
atures undesirable. 

The treater consisted of a header of common brick, with a reinforced concrete top: 
to support the pipes, and 20 treater tubes of vitrified sewer pipes, 12 inches in 
diameter and 15 feet in length. All joints were packed loosely with silica to prevent 
air from entering at these points. The pipes were inclosed to prevent cracking, due 
to heat differences, and to maintain an even flow of gas. 

All pipes at the top were inclosed inacommon hood. Supports for the conductors 
rested on insulators within the treater hood. Complete clearance was given to 2,000 
cubic feet of gas entering at 300° C., with a velocity of 3 linear feet per second. * * * 
Power was supplied the treater from a 150-volt motor-generator set, and transformed 
to higher voltages by a 7.5 kilovolt ampere transformer. A 5-point switch on the 
low-tension side of the transformer, connecting the various turns of coils, made a 
variation of voltages possible. It was found that 70 kilovolts was sufficient to give 
complete precipitation of the gases, at the above stated volumes and velocity. 

As the acid fell from the pipes it was caught in a receiving basin of vitrified brick 
set in acid-proof cement. From this basin the acid flowed out and was disposed of 
by pumping to a receiving vat. The concentration of the acid collected was con- 
trolled by the temperature of the gas in the treater. At a temperature of less than 
100° C. the concentration is not likely to exceed 50 per cent H,PO,, while a temper- 
ature of 250° to 300° ©. will yield an acid of 85 to. 93 per cent H,PO,. In one case 
an acid of 97 per cent was produced. An acid above 85 per cent H,PO, will prob- 
ably solidify when it reaches atmospheric temperatures, and therefore the pumping 
apparatus and pipe lines should be so constructed as to prevent clogging. 


From the results obtained in this plant Carothers estimated the 
yield of phosphoric acid (P,O;) in a 3,000-kilowatt furnace operating 
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on a 24-hour basis 300 days of the year at 0.22 pound per kilowatt 
hour. Assuming that power was available at $25 per horsepower 
year he estimated the cost of production, exclusive of mterest charges, 
maintenance, and depreciation, at 3.37 cents per pound of P,O,. 
While this cost compared rather favorably with that of the P,O; 
in acid phosphate during the war. when the price of sulphuric 
acid was exceptionally high, the figures indicated that this process 
could hardly compete with the older method under normal conditions 
unless cheaper power or higher efficiency were obtained. But as 
Carothers has pointed out, there is little doubt that with a furnace 
of different design provided with means of recovering the heat in the 
effluent gases and utilizing the heat regenerated when the phos- 
phorus is burned to P,O; and the CO to CO,, a considerably greater 
efficiency should be attained. Furthermore, the volatilized acid 
collected by the Cottrell precipitator can be used directly (without 
involving the expense of concentration) for treating high-grade phos- 
phate rock in the production of double superphosphate, and thus the 
final cost of the unit of soluble P,O; materially reduced. 

Since these experiments were conducted, electric furnaces of com- 
mercial size for the simultaneous production of ferrophosphorus and 
phosphoric acid have been erected at Anniston, Ala., and are oper- 
ating quite successfully. While most of the phosphoric acid produced 
at this plant is purified and sold for the purpose of manufacturing 
baking powder, and to the pure chemical trade, the president * of the 
company states that the experience gained during the last three 
years “‘clearly indicates that with cheap hydroelectric power and 
proper plant location phosphate rock can be smelted in the electric 
furnace for the production of fertilizer material at a cost comparing 
very favorably with the present method.” 


ELECTRIC SMELTING OF MINE-RUN PHOSPHATES. 


But there is another factor equally if not more important than those 
just mentioned which has a direct bearing on the cost of the unit of 
P,O; manufactured by the furnace process. This is the great saving 
which can be effected by employing low-grade and run-of-mine 
phosphates which are either unfit for treatment with sulphuric acid 
because of the inherent nature of the rock itself, or must be 
treated by some mechanical means to separate the phosphate from 
the impurities with which it is associated. With these facts in mind, 
the senior author undertook a number of experiments with the smaller 
electric furnace at Arlington Experimental Farm, Va., and while 
these tests were not conducted over any long period of time, they 
show that impure phosphates which can be readily and cheaply 
mined may be advantageously smelted in the electric furnace and 
the final product not only obtained more cheaply but a great con- 
servation of our phosphate resources effected. 

For this work samples of phosphate materials were obtained from 
each of the following three localities: (1) Mine-run phosphate from 
the hard-rock regions near Newberry, Fla.; (2) mine-run phosphate 
from the pebble fields near Fort Meade, Fla.; (3) Tennessee brown- 
rock phosphate from old dumps near Mount Pleasant, Tenn. The 
analyses of these samples of phosphatic material are given in Table 1. 


“Jour. Ind. and Eng. Chem. 14, p. 630, (1922). 
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TaBLE 1.—Analyses of air-dried samples of mine-run and waste material from the 
Florida and Tennessee phosphate fields. 


Florida) | eeubte Tennessee 
Z ard-rock | rown 
Constituent. | and phespbate | phosphate 
matrix. matrix. waste. 
| Percent. | Percent. | Per cent. 
SI tie cS eee cE ENG mole sda ode aa otha ot! galnn « | 2.22 1.53 | 1.49 
SHV OVS toc: MOSM Bhs 8 gS A oe B'S pln > eS de liar ek 8 i Sh eee ra 14. 37 45.99 | 14. 23 
iP oO MGR See acee GSE SES Se Se es SR eee tic, oer 3] “era Sa aL Cnnen oer ee | 30. 69 15. 38 29. 85 
JNA Ge ST RCS OF cane So SM oR ST BU eta a 5. 03 7.50 tela 
WoO ie 8 Ot ie Beata bea: Oe eee. ae Mee Peano ee e eee eee 42. 07 22.79 | 40. 42 
RE re bet ry NE eo LE ei nimale bee ooctye ane - ibe 3.68 | 1.58 2.71 
NOY Br leak SAE oy ERY le TPS Ue ney aoe Re a 8). 2, See) er oa a 98. 06 | 94.77 96. 42 


Since the ratio of lime to silica used in the smelting experiments 
reviously described was approximately 1 to 1.44, it will be seen 
rom the analyses given in Table 1 that the samples of Florida hard- 

rock phosphate and matrix and Tennessee waste phosphates required 
further additions of sand, but that the mine-run Florida pebble had 
to be reinforced with higher grade phosphate rock in order to produce 
a charge suitable for furnace treatment. Further studies of the 
pebble phosphate deposits of Florida have shown, however, that the 
sample used in this case was probably exceptional, and that most of 
the run-of-mine material will require the addition of silica. In this 
particular instance, however, the mine-run pebble phosphate was 
reenforced with washed pebble rock containing 32 per cent of P,O, 
and 7 per cent of SiO,. The material from Florida hard-rock fields 
and that from the Tennessee dump heaps were mixed with high-grade 
white sand and sufficient coke was added in each instance to bring 
about the necessary reduction in the smelting operation. Approx- 
imately 500 pounds of each charge was made up and smelted in the 
electric furnace for three hours, the phosphoric acid volatilized being 
collected by means of the Cottrell precipitator employed by Ross, 
Carothers, and Merz. Since the charge used was relatively small and 
the duration of the tests comparatively short, no attempt was made 
to determine the quantity of P,O,; volatilized from the weight of acid 
collected by the precipitator, as there was of course a considerable 
loss in saturating the system. At the end of three hours, however, 
the furnace was tapped and the amount of phosphoric acid (P,O,) 
remaining in the slag was determined by analysis, that which was 
volatilized being figured by difference. The figures showing the 
efficiency of this furnace treatment as applied to mine-run rock are 
given in Table 2. 


TABLE 2.—Quantity of phosphoric acid (P,0;) volatilized from a charge made wp of 
mine-run phosphates when smelted in the electric furnace for 3 hours. 


| | 
P2Os5 in | Proportion 


charge ex- P20; in /joftotal P2005; Amount 
Phosphatic material used in charge. clusive of | slag by | remaining | of P20s 
coke, COz,| analysis. jin slag after} volatilized. 
and F. | | smelting. 


Per cent. Percent. Perce 
22.0 | 


nt. Per cent. 
Hard-rock phosphate and matrix...........-....--++:- 1.8 98.2 
Land-pebbie phosphate and matrix ................--- 19.1 | - 66 | 3.0 97.0 
Mennessee waste material. 3... -deaecseoseseeec cscs s te 21.3 | . 67 | D7 
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The figures given in Table 2 show a volatilization fully as good as 


that obtained where high-grade phosphate rock was used, either at 


Hoboken, N.J., or in the preliminary experiments conducted in this 
same furnace. No data, however, were collected in this latter experi- 
ment that would admit of a comparison between the power consumed 
on the mine-run samples and that required for a charge made up of 
high-grade phosphate rock, sand, and coke, but it seems unlikely that 
there would be much difference in these figures since the extra power 
required to smelt the slight increase in the quantity of charge, due to 
the presence of iron and aluminum oxides and perhaps a little extra 
carbonate of lime, should be more than offset by the lowering of the 
melting point caused by the presence of these impurities. In the 
following tables are given the estimated costs of producing the unit 
of P,O; by the two processes, namely, the sulphuric acid method and 
the furnace process, from various grades and types of phosphate rock 
in the form of phosphoric acid, acid phosphate, and double super- 
phosphate. 


TABLE 3.—Estimated cost (at the mines) of producing 1 ton of available phosphoric acid 
(P,O;) by treating high-grade washed phosphate rock with sulphuric acid. 


Florida hard-rock | Florida pebble Tennessee brown- 
phosphate. phosphate. rock phosphate. 
Item. : | | 
Quan-| au | Total | Quan- on | Total | Quan- pe | Total 
| | * | #4 
tity. ton. | Cost: tity- | ton. | cost. | tity. ton. | Cost 
ie | Tons. | Tons. Tons. 

Phosphate seek. 222 6~25...-.-..0---|. 0-18 |. $3.50 |$11.13 | 3.18 | $2.50.| $7.95 | “3.18 | $2.75 | $8.75 
Sulphuric acid (50° 5» Poe eee? | 3.44 | 18.00 | 27.52 | 3.44 | 18.00 27.52 | 3.44 | 18.00 | 27.52 
‘Labor and repairs. .....2.2....22..2.: bows. Se eG} SGh ih sede. eT AO 8. 61s fi. oa se | 21.30 8.61 
Total cost per ton of P205...... ee ee | ae Poe i Re hae 44. 88 
Total cost per unit of P2Os..... ee oe foe meeeal os Ae eae ied olomem ene ea 


Cost per ton, including interest, taxes, and insurance. 
2 Cost per ton of material handled. 


TaBLE 4.—Estimated cost (at the mines) of producing 1 ton of phosphoric acid (P,0;) by 
the electric furnace method from high-grade washed phosphate rock. 


Florida hard-rock Florida pebble | Tennessee brown- 
phosphate. phosphate. rock phosphate. 
Item. | | | } 
Quan- | ae | Total | Quan-| a Total | Quan- on Total 
tity- | ton. | cost. | tity. | ton. cost. | tity. | ton. cost. 
rane | | 
Tons. | | Tons. Tons. 
Le NS” ob SS a ee 3.32 | $3.50 |$11.62 | 3.32 | $2.50 | $8.30 | 3.32 | $2.75 | $9.13 
Siteen cee Sree Sarto Pi ee Pere EE) 1.50 -20 -o7 | 1.50) .25; .387/ 1.50] «850 75 
Comemyst "5c ER ee Ce -75 | 8.00 | 6.00} .75 | 8.00 | -6.00 -75 | 4.50 3.37 
Operating expenses: 
BASGUFOUGS 52. oo... 2.2 LAE «LL $2.13 
LP ge ee Oe rr ae BEAD Nin gi5'0% [oon = ofc SO .Os mlb arose [ome c'cin S59" save | ae ceees 50. 59 
LAGE a see pete ps pple 44.01 
ee A pe [| SS ee eee oo te 
Total cost per ton of P2Os......|.....--|-...00- | 68. 58 | 25220) (eee 65.26 |.....1. eecur | 63.84 
Total cost per unit of P205.....|.......|....... / +69 Perret bs die ers - 65 settee ting a ac |  -64 


1 Power at $25 per horsepower year. 
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TasBLE 5.—Estimated cost (at the mines) of producing 1 ton of available phosphoric 
acid (P,O;) in the form of double superphosphate by treating high-grade washed phos- 
phate rock with phosphoric acid obtained by volatilization in the electric furnace. 


Florida hard-rock Florida pebble = ‘Tennessee brown- 
phosphate. phosphate. rock phosphate. 
Item. | 
Quan- me Total | Quan- — ‘Total | Quan- ee Total 
tity. | ton. | cost tity. | fon. | Cost. | tity ton. | Cost: 
Tons. | Tons. | Tons. 
Puospiate reek... J2.2ccastosssn So 0.98 | $3.50 | $3.43 | 0.98 | $2.50 | $2.45 | 0.98 | $2.75 | $2.69 
P.O; in form of 58° B.acid ........... 1,67 | 68.58 | 45.95 1,67 | 65.26 43.72 | 1.67 | 63.84 | 42.77 
abpOpand POWOL.<- <4 cep ce -etaccncs|aacnee- cd ST ae el TUZOE) DGS 2 2 2 21.30 2.68 
ME yimgh SLE C Sle eee Set seed. Wow ites. a | 2.25 A) a Ae oe Aa eeG| we sey |= oe 5 = 2.25 “ba 
Total cost per ton of P2035 .....-|.......|.00002- eased. uk Ss bae9% |2 sack. sages 48.66 
Total cost per unitof P2035. --- .<|-.. i...) --..-- | +53 |-------|-- nee | i eS eee -49 
1 Equivalent to 1.08 tons of H3PO,4 (58° B.). 2Cost per ton of material handled. 


TABLE 6.—Estimated cost (at the mines) of producing 1 ton of phosphoric acid (P,0;) 
by the electric furnace method from mine-run phosphates. 


Florida hard rock | Florida pebble and | Tennessee brown 
and matrix. matrix. phosphate waste. 
Item. 

Quan- pak Total Quan- | a Total |Quan- aa | Total 

tity. see cost. | tity ron cost. | tity tons | cost 

Tons. | f | Tons. i Tons. | 

Phosphate and matrix............... 3.62 | $0.50 | $1.81 | 4.89 | $0.50 | $2.45 | 3.73 | $0.75 | $2.8¢ 
Washed pebble for reinforcing........ [aie ces Son ool eee Seo } 1.12 v2.50. eaee0 | Sas Fe |axeeea| asec 
schol: 2 SSR ee ee ee See 1. 64 25 2 I ones Me) | Be RS lane's auets 1. 64 50 | 82 
SKB EO. eee og, pee YL -75 | 8.00) 6.00 75 | 8.00} 6.00 75 | 4.50 aol 
Operating expenses (electrodes, labor, |_-.--..-. aeecree Of: SO" FHI ER glee a Ut BOGE eccuee| sak cols | 50.59 
and power). Nene Ay ie ds co AL SBA | abel [i = ieee ln ee | 
Total cost per ton of P2O3-.-.....|.--...- ee SR681-| 0-0 cee Eee GHB les seae. [Eta od ae 57.58 
Motalicost paniwmt Ol PsOs... -.2.|-6.0-.5/2--4-0 OO cc won sl eeeeees | +62 |.......)--.-... lawns 


TasLe 7.—Estimated cost (at the mines) of producing 1 ton of available phosphoric 
acid (P,0;) in the form of double superphosphate by treating high-grade phosphate rock 
with phosphoric acid from mine-run material. 


{ 


Florida hard-rock | Florida pebble | Tennessee brown- 
phosphate. | phosphate. | rock phosphate. 
Item. ‘ 7 j Maree Cah | { 
/Quan-| far | Total | Quan- | Cost | Total Quan-| ere Total 
| tity- | ton. | cost. | tity. | ton. | cost. | tity. | ton. | cost. 
Re ‘ a ‘Tons.| — | Tons. rf si ‘Tons. | | 
Phosphate works. Jot ce a3 CER ACE 0.98 | $3.50 | $3.43 | 9.98 | $2.50 | $2.45 | 0.98 | $2.75 $2. 69 
P.O; in the form of 58° B.acid...... | 1.67 | 58.81 | 39.40 | 1.67 | 61.84 | 41.43 | 1.67 | 57.58 | 38.58 
Laiemamd Owes: sous. Seka we oon c'ss - 21.3 pO ite Sees 21.3 2, OBA hate n= ob 21.30) 2.68 
MOTI 8 rasa ws Sw air. mya Pane ne Pee Shes | 2.25 | FODIMIS: ok 2.25 702 |Eagee=e 2,25 | 52 
== | seas an ee Ea 
Total cost per ton of PoQ5......|.....-.|.------ 46. 03°]... .-2. | Pinas ot 47 OSs 2. aoe lide 44. 47 
Total cost per unit of P2O5....|....-..|.....-- Be: a Se Level ature PET ret (RAs 3 45 
1 Equivalent to 1.08 tons of H3PO, (58° B.). 2 Cost per ton of material handled. 
é 


While the figures given in the foregoing tables are largely estimates, 
they are considered conservative and fair in so far as the costs of 
each process and type of material used compares with any other. 
Summing up the data given in these tables, we find that the cost of 
the unit of P,O,; obtained by the electric furnace process on the basis 
of Carothers’s figures is considerably higher than the present cost of 
the phosphoric acid produced by the sulphuric acid method, but 
when the phosphoric acid obtained by the former method is used to 


manufacture double acid phosphate, the final cost of the unit of sol- — 


uble P,O, is brought down very materially. 
When run-of-mine phosphate is treated in the electric furnace, how- 
ever, the cost of the unit of P,O,; in the form of acid is far below that 
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obtained by the same process using high-grade rock, and where the 
phosphoric acid obtained by smelting such low-grade materials is 
utilized in making double superphosphate, the final cost of the unit 
of P,O, compares very favorably with that produced by the sulphuric 
acid method. At this point, however, the double superphosphate 
has a distinct advantage over the ordinary acid phosphate, in that it 
is so concentrated that it can be handled, shipped, and distributed 
at a minimum cost. 


THEORETICAL HEAT BALANCES. 


The data obtained in these experiments and given in Tables Nos. 3 
to 7, inclusive, indicate that where phosphoric acid is produced in 
the electric furnace the main cost item is that of electric power. 
Where this electric energy is available at a price as low as $25 per 
horsepower year, the actual cost of power is over 70 per cent of the 
total charge against the ton of P,O; in the form of H,PO,. With a 
properly designed furnace, however, and efficient auxiliary equipment 
for conserving the heat wasted in the ordinary crucible type of fur- 
nace, it should be possible to reduce the power cost per unit of phos- 
phoric acid very materially. In Tables 8 and 9, modified from two 
prepared by George T. Southgate, formerly employed in this bureau, 
the heat balance of two electric furnaces for the production of phos- 
phorie acid, one an open crucible and the other of the shaft type, are 
given. Certain assumptions were made in making up these tables, 
but the figures are considered conservative and comparable in so far 
as the relative heat economies are concerned. In both instances 
sufficient carbon is assumed to be present to reduce completely the 
phosphoric acid to elementary phosphorus and enough silica added 
to give a slag having the composition CaSiO,. 


TABLE 8.—Theoretical heat balance of electric furnace of simple crucible type. 
[Capacity 10 tons P2Os per day of 24 hours.] 


{ { Heat generated | Heat consumed 
(plus). (minus). 
idk | Thousands | | Thousands | 
+ Actions affecting t ‘ 0 0 
No. affecting temperature kil ogram- Per cent | kilogram- | een tes 
| calories | calories | 
perton! — total. | perton! | total. 
of Pe2O;. | of PoOs. 
1 | Absorbed by burden before fusion? ................ 
2 | Absorbed by burden in fusing? ..................-. poe] A tas ea ACD tine 
3 | Absorbed by endothermic reactions in ore......... [oh eae eae he eae 4,100 | 36.1 
4 | Evolved by exothermic reactions in ore .........-.- 420 | Ay pn SS RE a Eee WAN 
5 | Evolved by oxidation of C toCO ...........-....-. 1,140 | LOM 1 > So cee eee lsrescomee 
6 | Evolved by oxidation of this CO toCOs........... 2, 660 73 Pie Bens py PT easement 
7 | Evolved by oxidation of P to P2Os................ 2, 850 | 7 | ee PE A FE 
8 | Removal of heat by cooling masonry .............- [ates eae: Feet elem 1,619 | 14.2 
9 | Removal of heat by slag? ..........12...2..22-000-- aesaae ake cprames ees Pe 1,707 | 15.0 
10 | Removal of heat by evolved gases (at 650°C)....... eels ee fee cope ane 2,350 | 20.6 
11 | Removal of heat by unburned CO‘ ................ fc eaters ers vier pk 1,600 | 14.1 
12 | Heat supplied by electric energy ................-. 54,306 Fe a PE De ae [. Se, Meee 
LO Dae SS a eee eee ee, ee 11,376 —- 100.0 11,376 100.0 
Economy:* 
mS PURE OMAY SMMMMNISLL SUQHE ooo ooo et and ee ac Seo ay aoc tec u oS elec bven cee ase 0. 44 
Meee patina ca Hit EMOW ALE YOAEs 054525322 Aeolian oc sk bile duaiio we clbekac 1.90 
ee ee ponies PeOg por HOSPPOWOL, YORE s 2 occ - 2585 ci coin mem nan oped dacccnceccececekeecn. 2 1. 43 
2 IN en gi | ee nc Se cg Ra a a I a EM Tea 36. 10 
1 Metric ton. 


2Included in item 9. 

3 Including small amount removed by ferrophosphorus. 

4 Assuming one-third of CO unburned in furnace. 

55,010 kilowatt hours. 

§Production based on 90 per cent recovery of P20; in furnace charga, 


52670—23 3 
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TABLE 9.—Theoretical heat balance of electric furnace, shaft type. 


[Capacity 10 tons P20; per day of 24 hours.] 


Heat generated Heat consumed 
(plus). (minus). 
: | 
oi Actions affecting temperature. bude sa | aso sr 
kilogram- | Per cent | kilogram- | Per cent 
calories oftotal. | calories | of total. 
per ton! | per ton! 
of P2Os. of P20s. 
1 | Absorbed by burden before fusion? .... ........... | 
2y\ “Absorbed iby burden in) fusing 20. 3ste8 2). RLS. \ rh Gh eee Ty, METAR AS Sa 
3 | Absorbed by endothermic reactions in ore .........|----..------ lee decwsess 4,100 44.1 
4 | Evolved by exothermic reactions in ore:........... 420 | eee earns foe 
5 | Evolved by oxidation of C to CO ...,-.-..2.0.6..-. | 1,140 | LD. Seal coc cas crs Heke emeee ee 
6 | Evolved by oxidation of this CO to CO -.-......... 2, 660 | 28 5G] So ac Me oe Saree note eer 
7 | Evolved by oxidation of Po'to PoOs ...-..........- 2,850 j S036 the2e - 223 eee 
Sielemoval OL heattoy Cooling MaASONLY 6... .-~ emnis 20 44|n ed - saps lose ade eee 2, 369 25.5 
Ovieremoval of heat py slag oo ro26 320 eek oe ee | fee aonaet nee eee ey aa 1,707 18.3 
10 | Removal of heat by evolved gases (at 315° C) ......|...-........ favetocts aie ete 1,124 12.2 
ie) Removal of heat by unburned CO * o. o. 2cce-neden-|>a0ee---se9- Nhe chs cpap ail arate Povenes oun Searre | ate eter 
12;}' Heat supplied by electric’energy.-.. /2-.. (2.50052 52,230 | Das 3258 Chtees | 2s eee 
SECTS ida ples A) area Ri el pp i ee Pe 9,300 | 100. 0 9, 300 100.0 
Economy :° k 
inpounds wh @. per jlowatt Nour. .c< 2.)-b oo pceaotebe ennt-sagmeeba sn eas oben sce Oe Soa Eee 0. 85 
mez 000 pounds PsOs*per kilowabl-yeares.u.A5 Ate tens tele fe attcte ne ake ocese. sesnueeee “Ue S510 
Tnie2s000 ppunas: PsO5sper-horsepow ery eal-b. oo ae~ s06 ea d- ang beet oe wee Sew ees - cn eae oe ee 270 
rmaversdil Gherinial+eineren Gy, Pel COLL. ....2 sactonc eee spac pa cee aticem meee e cece cee reer ee 44.10 


1 Metric ton. 

2Tncluded in item 9. 

3 Including small amount of ferrophosphorus. 

4 Assuming all CO burned in furnace crucible and shaft. 

52,595 kilowatt hours. : 

6 Production based on 90 per cent recovery of P20; in furnace charge. 


It will be noted that under these conditions the over-all furnace 
reactions are exothermic. If, therefore, no heat were lost in the 
evolved gases, in unburned carbon monoxide, from radiation through 
the walls of the furnace, and in the slag which is tapped off, the 
reaction when started should go to an end without power consump- 
tion. Of course, some of these losses can not be avoided and others 
can only be partially eliminated, but as will be seen by comparing 
the figures for the two types of furnaces the efficiency of the shaft 
type, wherein much of the heat in the effluent gases is conserved and 
the phosphorus and CO are completely oxidized “before leaving the 
furnace shaft, a great saving in power consumption may be effected. 

With the development of certain power sites it is possible that elec- 
tric energy may be obtained for purposes such as fertilizer production 
at a price much below $25 per horsepower year. ‘This would make it 
feasible either to transport and use higher grade phosphate rock 
from the Florida fields or to transmit such power to the Tennessee 
phosphate fields and use run-of-mine phosphates, thus eliminating 
the costly washing process and conserving and utilizing deposits 
which are at present considered unfit for the production of phos- 
phatic fertilizers. The map (fig. 6) graphically illustrates the distance 
between Muscle Shoals and the phosphate deposits of Tennessee. 
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THE USE OF THE FUEL FURNACE IN THE VOLATILIZATION OF 
PHOSPHORIC ACID. 


At the present time, however, there is very little cheap electric 
power available in thiscountry. Moreover, the history of our hydro- 
electric developments in the past has shown that the demand for 
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primary power for public utilities and for industries turning out 
relatively high-priced products has been so great that the manu- 

_ facturer of lower-priced goods which depend upon smelting processes 
has had to look to fuel for his source of energy. Even should there 

__ be a great increase in our power developments, many believe that it 
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will still be economically unsound to dispose of this power for the 
manufacture of a material as cheap.as phosphate fertilizer must. 
always be. 


COMPARATIVE COST OF THE THERMAL UNIT FURNISHED BY ELECTRIC POWER AND FUEL. 


In the volatilization process of producing phosphoric acid, how- 
ever, the chief function of the electric current is that of supplying 
the temperature necessary to effect the chemical reactions involved, 
and the electric furnace is merely a convenient type of apparatus to 
use in bringing about the decomposition of phosphate rock under 
reducing conditions. It logically follows, therefore, that if these 
same conditions can be fulfilled by employing fuel as a heating source 
in lieu of the electric arc, a great saving in the cost of the heat 
energy required should be effected. The following charts (figs. 7, 8, 9) 
and Table 10 give a fairly clear idea of how electric power and 
fuel compare in cost as sources of equivalent quantities of heat 
energy. 


TABLE 10.—Prices assumed for electric power and corresponding costs of standard fuels: 
as sources of equivalent quantities of heat. 


Maximum prices at which standard fuels must 
be obtained to compete with electric power 
Electric | at rates given in column 1. 
| power! 
cost per | 
kilowatt Natural 
year. Coal? per | Fuel oil? | Coke‘ per | gas5 per 
long ton. | per gallon.| long ton. | thousand 
cubic feet. 
$5 $4. 60 $0. 022 $4. 60 $0. 18 
10 9. 20 - 044 9.2 36 
15 13. 80 - 066 13. 80 54 
20 18. 40 - 088 18. 40 72 
25 | 23.00 -110 23. 00 90 
30 | 27. 60 - 132 27.60 1.08 
35 | 32. 20 154 | 32.20 1. 26 
40 36. 80 176 36. 80 1.44 
13,415 B. t. u. per kilowatt hour. 414,000 B. t. u. per pound. 
214,000 B. t. u. per pound. / 51,200 B. t. u. per cubic foot. 


819,000 B. t. u. per pound. 


In the curves given in Figure 7 the cost of a million British ther- 
mal units produced by certain standard fuels at various prices is. 
compared with the cost of the heat equivalent produced by electric 
power at various rates per kilowatt hour. 

In Figure 8 curves are given for converting the cost of the thermal 
unit from mills per kilowatt hour into the terms of dollars per kilo- 
watt year or dollars per horsepower year, either of which is a more 
conventional method of expressing the cost of power which is con- 
sumed in large blocks. 

In Table 10 certain points along the curves given in Figure 7 are 
taken in order to show typical examples of the prices at which elec- 
tric power must be obtained to compete with fuel furnishing the 
same number of thermal units. : 

In Figure 9 a comparison is made of the yield of product obtained 
by burning 1 pound of various fuels with that obtained by a power 
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It is evident that under present conditions the cost of the heat 
unit produced by the hydroelectric developments in this country can 
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Fig, 8,—Chart for converting power costs from mills per kilowatt hour into dollars per kilowatt year and horsepower year. 
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not compare in cheapness with that obtained by the use of either fuel 
oil, coal, or coke. It is not altogether fair, however, to compare the 
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efficiency of electric power with that of fuel as a heating source on the 
basis of the actual cost of the thermal unit developed by each. In 
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furnace heated by fuel, where excess air must be introduced for com- 
bustion. By proper regenerative apparatus and means of utilizing 
the sensible heat in the effluent gases, however, this latter loss of 
valuable heat may be materially reduced. 

To further offset the probable greater efficiency of the thermal 
unit developed by electric energy it must be borne in mind that the 
utilization of mine-run phosphates depends upon the location of a 
furnace plant close to the source of the raw material (the phosphate 
mines), and while certain of the phosphate deposits of Tennessee are 
sufficiently close to admit of the transmission of power to the mines 
from a development at Muscle Shoals, the Florida deposits are far 
removed from any possible source of cheap hydroelectric power. 
Low-priced fuel, however, is readily available in practically all of 
the phosphate fields of this country. 

With these facts in mind the writers undertook an investigation 
to determine if complete elimination of phosphoric acid from proper 
mixtures of phosphate rock, sand, and coke could not be brought 
about at the temperatures attained and under the conditions exist- 
ing in various types of fuel-fired furnaces, and the results have shown 
that this can be done by pioperly proportioning the ingredients in 
the charge and maintaining reducing conditions within the phos- 
phate mass. 

PRELIMINARY LABORATORY EXPERIMENTS, 


The work was first undertaken on a laboratory scale using rela- 
tively pure samples of tricalcium phosphate, quartz flour, and 
carbon. These ingredients were thoroughly mixed in several pro- 
portions, placed in graphite or clay crucibles, and heated in an 
injection furnace for various periods of time with the crucibles both 
open and closed. City gas and a cold-air blast were employed in 
heating these mixtures. 

Table 11 shows in part, the results obtained by heating such mix- 
a with and without the addition of small amounts of aluminum 
oxide. 


uw 
N 


MANUFACTURE OF PHOSPHORIC ACID, 


*“(LO8qeep) oyeydsoydorAd winpywo uy peYy YIM A]osojo AJOA PopPuToo prow ofoydsoyd 0} oul] Jo UOT;A0doad eyL “onyx yur 
[eusNO oy} Ul uvYy pow oyOYdsoyd Jo eseyuooJ0d JoYysY Ajqvsepisuoo 8 SMOYS Se[qonso UodO UT pouTeyqo IRs JO ooVJAaNS OY} UO 4YsNId OYA JO UTOOTG OYY JOSTSATVUG UY ¢ 


“OAOQY 1 
“WOOTG OU FARIT SNOOSTA | § PS cL‘e i oof ‘tT | F'8 8'SI L? Z'°2e | O'SF 8b | 0% 0°22 0°02 (AvP) posol aL rat 
g MMOO[G OBIBL SAVATSNOOSTA | EPS 06°8 I OO€'T |. #8 8°81 L’y 2‘. | 6°Ch B-) OOM 0°22 0°02 ~*(Aepo) wedO [°° (21) 2 
“MOOG OU FARIS SNOOSTA | 9°98 2g" | O0e'T | 2'8 9°61 6'P Zee | 9b i De ath 00% =| 00% (ABO) posoyy [°° (OD) ZI 
p UWOOTG ODIV] SALAD SNODSTA | LES | 9Z'F | OO8'T | 2°8 | 9'6T 6» | 2° | O'8h | 8b 0% 0°02 | 00% *(Kep) ued [°°°(G1) Zi 
‘ULOO[G OU AEP SUODSTA | 9'E6 161 | OOf'T | BOT | £02 co | 92 | 2°88 0° 0'% 9'9T 0°0%  (Aefo) posop.) | (aL) at 
¢ OOBJANS UO THOOTG !AGIZ YURI SNOOSTA | [8 829 i OOf 1 | BOT | 2°0% zy | 9'hS | 2°88 9°¢ 0% 9°9I 0°02 (Avo) uedO | "CLD BI 
‘MRS [8 PIAL | O'OOL | ‘eoVA, | QOe't | POL | 6'T2 L 6'9% | 2°0h =| 2'¢ o'9 9'9T =| 0°02 (ABO) posop) | 1) ZL 
e MOOTG vse, ACID YA “Prop | O'OOL | ‘eoBAL, \ QO€'T | FOL | 6'TZ Ny | 69% | 2°OP an 99 yor 002 ee ODL Sears Dales 
Od e276 || Sh'S | Gk OOW'T1 | b'IT | 2°12 L 1°C% | SOF ek ae) 9'9L 0°02 a Ss (Opry Oe aaa er 
«Od 6'F8 =| COP GL OOP'Ti | O'IT | 8°12 yt 89% | LO eS o'9 9°91 0°02". OD a Se eae ihe te 
¢ BBPANS UO WOO[G 'ABIA 4UST PINT | O86 | 22'2 \ OOP Tr |. €'Ol | O'%2 l | TOS | 6'OR'|-0'¢ o°9 9°91 002 as SOD ER |) vere ene 
Sead yA ‘ping | ¢'68 988 i OOb‘T1 | 6'6 1°22 L 2°02. | Tb RF ee | BD 0 ‘02 ~“(Aepo) tedO |°""""O 2 
‘wovrq ‘pry | O'OOr | ‘eUON = & OOP Ti} 86 | BST an | P'2o | 1'9e o's a) 9°91 0'0% gr LOD” He CRON Bt 
; "MOBI SNOostA | p08 a6 °b | 00Z'T | £6 | 6'ST {°F p'0S | T'9S | Bg 9°9 9°91 0°02 (oyrydeas)uedO |) N 2t 
2 OOBJATS MO MLOOTY ONGC M*AVADSNOISTA | BOL | OZ'L | OOP'T1 | SOL | 61% i: 6°92 | 2°0F ag Pees? BG 00% *(Aeo) uedO |*"""' H ah 
HORTA YStAuas “prop | 868 P'S 1 940% | OOF Tre] B10T | 6'tZ L0 6'9% | L°Ub o'9 oi eey oa Ge 0°02 "*(ARP) posopy [VST 
‘20 of WO *d | ‘8lnoy] Do ‘jo 'd 49 ‘d ‘Pd ‘Pd “Pod | SUDA) | SsuULDdp) | *sulDsy) “SULDLD | 
"pozt ‘pouyeg| “O | “*O%d | *OFTV | ‘OB | “BOTS | “©H0D | *OsTV | “OTS | “8(*Od)*BO on 
“YBIOA | ses | “POO ag ouny LS ene oe VES VSR ae x “ 
“ARIS JO OPOBABYY Old uy bq OUT} JO | ero ‘orqronay) ‘oydureg Bi 
jo u0yy © lyyduoe7 “WO, ’ dmb) ok *osueyo = 
~10d014 : TOW ORUAN Cpe Usdied U} posn spRyoywu Jo suoTzodorg 3 
on ane Se ae ee ee ee ee ee ee ee ee a atl Se ode ee Se nen Sat eens Sp st seer nvepeninmencnnnne  dfe) 


"980)9 400 UD pun svb Buyoununjpr burisn sovuinf poquap v ws | 
syqVondo paso) pun uado ur Burgos Ag ‘nununyo pup ‘xyoo ‘voy ‘apoydsoyd wniwpv0r.) fo saanjrvu wouf pwn owoydsoyd fo uoyvzyynjo 4—" |] @IAVY, 


26 BULLETIN 1179, U. S. DEPARTMENT OF AGRICULTURE. 


An inspection of Table 11 shows that as a rule considerably better 
results were obtained where the crucibles were kept covered so that 
the oxidizing gases were not allowed to come in contact with the 
charge. In most instances where a molten slag was obtained and 
the heating continued sufficiently long, a very high percentage of the 
phosphoric acid contained in the charge was volatilized. When the 
crucibles were left open, however, it was noticed that a thick white 
crust or ‘‘bloom’’ usually formed over this slag and unless the 
temperature was raised to the point where the fire-clay crucible itself 
fused, this crust gave no sign of melting into the slag beneath. The 
amount of this crust in a number of instances was fully as great as 
that of the underlying slag and showed upon chemical examination 
a higher percentage of phosphoric acid than that present in the 
original mixture. The ratio of lime to phosphoric acid in this unfused 
material conformed closely to the ratio of these ingredients in calclum 
pyrophosphate. Apparently under the oxidizing conditions existing 
at the surface of the mass the phosphoric acid distilling from the 
interior of the charge was fixed at the surface. producing calcium 
pyrophosphate according to the following equation: 


2Ca,(PO,), + P,O, = 3Ca,P,0,. 


It was found, however, that when the crucibles were kept covered 
until the fusion was well under way and the carbon or coke thus 
protected in the molten slag the covers of the crucibles could be 
removed without the formation of this crust, and the reaction 
continued to an end in spite of the oxidizing conditions at the surface 
of the slag. The addition of small quantities of alumina to the charge 
contributed somewhat to the fluidity of the slag, 1t being a well-known 
fact that the presence of this substance in small amounts lowers the 
melting point of both acid and basic slags. 

In these preliminary experiments the ratio of silica to lime was 
approximately 61 to 39, whichis very close to the proportions of these 
ingredients in calcium trisilicate (Ca,Si,0,). Charges having this 
silica-lime ratio gave slags from which a quicker and more complete 
evolution of P,O; was obtained than from those of a less acid nature. 
Such slags, however, congeal so readily that the tapping of the fur- 
nace is rendered somewhat difficult. Subsequent experiments indicate 
that the more nearly neutral slags are more readily fused and probably 
better adapted for actual! furnace operation. 

These laboratory experiments pointed conclusively to the impor- 
tance of maintaining reducing conditions in the phosphate charge until 
fusion has taken place, and it appeared at first that the most feasible 
method of doing so in a mass containing much finely divided material, 
such as the pebble phosphates of Florida or the run-of-mine phosphates 
from Tennessee, was by the indirect heating of the charge so that 
the oxidizing gases from the burning fuel would not come in contact 
with the reacting mass until the latter was brought to a molten 
condition. Accordingly, a fire-brick furnace of semicommercial size, 
of the type shown in Figure 10 and described by the senior author 
and others in United States Patents Nos. 1241971 and 1282994, 
was constructed at Arlington Experimental Farm, Va. This furnace 
comprised a central or inner chamber (holding about 150 pounds of 
charge) open both at the top and the bottom but constricted some- 
what at the lower end to prevent the charge from working through 
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too rapidly. This chamber was supported by arches of carborundum 
brick above a hollow hearth intended to receive the molten silicate. 
The whole was surrounded by an outer chamber into the opposite walls 
of which were first set water-cooled tuyeres to deliver preheated air 
for the combustion of the coke as the charge descended upon the 
hollow hearth. These tuyeres, however, were later replaced by two 
oil burners so arranged that their flames played upon and around the 
lower part of the inner chamber, heating the charge by radiation 
through the 44-inch walls. Any fumes which were evolved from the 
fusing mass were to be drawn down through the charge chamber into 
the outer chamber and passed, together with the gases sof combustion, 
into the Cottrell precipitator previously described. 

This indirect method of heating the charge, however, was so 
inefficient that after several trials, lasting from 18 to 24 hours each, 
it was abandoned as impractical. Little or no slag was obtained and 
only a relatively small 
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ized, which could only 
be done by the direct 
heating of the mass. 
This conclusion, how- 
ever, complicated the 
problem of how to 
maintain the reducing 
conditions necessary 
for the volatilization of 


t h € phosphoric i ac 1 d Fig. 10.—Vertical section of oil-burning furnace in which the first 
when th e maximum large scale experiments on the volatilization of phosphoric acid 


efficiency of the crude-  “** “neuc'** 

oul flame or that of any other fuel can only be attained under 
oxidizing conditions. The most promising type of furnace for this 
purpose “seemed to be a modification of the blast furnace, wherein 
sufficient coke is used to maintain a reducing atmosphere both in the 
crucible and in the shaft. The run-of-mine phosphates with which 
the experiments were being conducted, however, are of such a 
character that it is impossible to handle them in a plant of the blast- 
furnace type, because of the large percentage of finely divided mate- 
rial present in the mass, through which it is impossible to force a draft. 


THE BRIQUETTING OF MINERAL PHOSPHATES. 


Accordingly experiments were undertaken with a view to briquet- 
ting the mixtures of finely ground pebble phosphate, sand. and coke, 
using various binders, such as magnesium chloride, calcium chloride, 
sodium fluoride, sodium silicate, phosphoric acid, acid sludge from 
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the refining of petroleum, and small percentages of starch. Briquets 
of several sizes were produced under pressures varying from one-half 
to 1 ton per square inch, but none of these binders proved very sat- 
isfactory, either because of the difficulty in removing the briquet 
intact from the machine, or because of the readiness with which the 
briquet shattered. Sulphite pitch, however. which is a by-product 
of the paper industry, proved to be a good binder when added to the 
finely ground mixtures in amounts above 5 per cent, though this 
material adds quite appreciably to the cost of the briquets. 

In both Florida and Tennessee, however, many phosphate deposits 
in their natural state contain much soft phosphate and claylike ma- 
terial of considerable plasticity, and it was thought that the binding 
qualities of this run-of-mine phosphate might prove sufficiently effec- 
tive to produce satisfactory briquets without the addition of an arti- 
ficial binder. Since the binding capacity of this run-of-mine material 
depends largely on the amount of finely divided material or clay 
contained therein, the samples obtained from the various phosphate 
deposits in these two States were ground to 15 mesh in a small grist- 
mill and then submitted to the mechanical analysis ordinarily em- 
ployed in the classification of soils. In Table 12 are given the results 
of these analyses along with the analysis of very finely ground washed 
pebble phosphate of the grade used in the production of an average 
acid phosphate. 


TaBLE 12.—Location, description, and mechanical analyses! of phosphates used in 
briquetting experiments. 


Sand Silt, | Clay, 
Sample Housti Thickness of Deserintion 1.0-0.05 ea pale 
No. rte stratum. rpms rico milli- | sini | milli- 
meter. 
meter. | meter. 
: Peret. ||) Penets.) Penet. 
1 a ee Charleston, S. C., Min- | 15 feet+ ........, Washed pebble phos- 45.2 36.0 18.8 
ing & Manufacturing phate. 
Co., Fort Meade, Fla. 
7 Se Cummer Lumber Co., |.--.. Cosco: Mine-run phosphate. .... 45.0} 21.0 34.0 
Newberry, Fla. | 
i-be a powmirne. Phosphatey|2. 02.23.2528 22 cc lee es ORS Ee «(ee 56. 2 7.6 36.2 
| Co., Bartow, Fla. 
1-F (2).| Downing Phosphate | 20 feet+ ........ Mine-run pebble phos- 84.3 5.8 9.9 
oe near Mulberry, | | phate. 
| a 
YS Aa be COC ie et EE a! Se do. 0c. Dae: dg. giete* eget 78.5 7.2 14.3 
1-T ....| Consolidated Phosphate | 6 feet ........... | Brown phosphate con- 73.3 14.6 12.1 
Co., Hickman County, | | taining lump rock. 
Tenn. | | 
3-T ....| Deposit near Gallatin, | 4 feet........... | Brown disintegrated 54. 1 18.3 27.6 
Tenn. | phosphate. 
AMD sole tae: OVD Oe ox head & sh ey Pree, GOES aso Similar to No. 3-T...... 55. 4 17.6 27.0 
6=T ....| Ruhm Phosphate Co., | 5 feet........... | Brown phosphate con- 66. 2 16.1 aod 
Mount Pleasant, | taining lump rock. 
Tenn. 
Pe es | ee Cae eae el SPS OA ae le aeu LO, pee SPREE Ce 59.0] 16.8 24,2 
(ad bi a ale COP ee ets ree eae la tect cote e Sample from upper end 42.5 39.0 18.5 
| Of waste pond. 
EU A ae GOW Eee eit Sato sels PoP feet is. ae ace Sample taken 63 feet 24.2 50. 2 25.6 
| | from 8-T. : 
0/3 NPP eee (6 Pa I, SS ity ga 10 feet 3inches.., Sample taken 63 feet 30. 4 45.8 23.8 
| from 9-T. 
TEE Noes le Ae (OVOP ARs eee, a 5teet ll inches..| Sample taken 63 feet 11.6 56.7 3L4 
| | from 10-T. 
1D 52 NE ES Ae GOnsteic sso eee enor SPleOUsaccee seeee | Sample taken 63 feet 22.5 41.1 34.4 
| from 11-T. ; 
RE verte eee dO eA he ee 4 feet 6inches..., Sample taken 63 feet Whey: 44.0 48.8 
| |~ from 12-T. 
14-T ...| Charleston (S. C.) Min- | 10 to 20 feet ..... | Brown disintegrated 50.4 20.4 29. 2 
ing Co., Wales, Tenn. | | phosphate. 


1 Mechanical analyses made according to the method employed in this bureau for the classification of 
soils. 
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TaBLE 12.—Location, description, and mechanical analyses of phosphates used in 
briquetting experiments—Continued. 


| & | 1. 
ral Thick f | 1 pares Pe roe 
—- Location. eae Description. | milli, er ee 

meter 1 ee sars a 
| meter. | meter. 
Liss : | Per ct. | Per ct.| Per ct. 
15-T ...| International Agri- | 10 to 20 feet..... | High-grade disintegrated 51.6 18.4 30.0 
cultural Corporation, | phosphate. 
| Wales, Tenn. | we 
|. eek Bere Ge secon = Ss oe seee Pesce doe eet ey .| Low-grade disintegrated 53.7 13.8 3255 
| | phosphate. 
18-T ...| Federal Chemical Co., 6 to:10: feeteo;... | Mine-run brown phos- 46.5 19.7 33.8 
Ridley, Tenn. | phate. 
ee ae pee we oo, Lc 5k Wise i eee ee SO aan GOi sto sk getsies eRe 62.4:| 166.15 210 
ER ane aioe Pee he aeons: i118. 0 feet } 52,6 |.' 22:4 18 25.6 


It will be noticed that with few exceptions all of the samples of 
run-of-mine phosphates contained in their natural state much higher 
percentages of very finely divided material or clay than the high- 
grade washed pebble phosphate (Sample No. 1) even though the 
latter was ground in a ball mill for a considerable length of time. 
While most of these samples would yield excellent briquets when 7 to 
10 per cent of water was added and the material submitted to a pres- 
sure of from one-half to 1 ton per square inch, the ultimate mechanical 
composition of a charge suitable for furnace treatment depends upon 
the amount of sand or higher grade phosphate which must be added 
to give the proper silica-lime ratio for the evolution of phosphoric 


acid at high temperatures. In Table 13 are given the chemical 


analyses of these samples and the quantities of sand or high-crade 
rock which must be added to give a silica-lime ratio of 59 to 41, 
which was the proportion used in the earlier work conducted on a 


semicommercial scale. 


TABLE 13.—Partial chemical analysis and silica-lime relations of natural phosphates. 


Quantity of sand 


or high grade 
rock to beadded 
Chemical analysjs. Ratio, Lap iniih Len 
Sample No. SiOz: ratio SiOs:CaO 
Cao. = 59.0 : 41.0= 

1.439. 

SiO». | CaO. P20s. | Fe203. | AleO3. | Total. Sand. Rock. 
Per cent.|Per cent.|Per cent.|Per cent.| Per cent. Per cent. Pars: |) Forts. 

ae Se ea 6. 85 44.78 31.09 | 1. 48 a 3 Spvse: | eOD153 O12 a0 \eaet ea eee 
2 Me UY SNS Sa 32.79 26. 47 7A NB 52 ih ea pene 211.78 92.47 | 1.239 | ts OO eee ese ore 
1Pitst fies Gla SG.MGii)) 2020515 \-23,611 2608 | -S40tioo ay) 92g | 14.35 [ee 
EA Uy aes See 37.57 | 29.70 PA ORS oak OA | 23.92 92.71 1. 265 | 7 el eee» Se eP 
4-H Ls oS ee He 45.20:| 24.29 | 1S=SGF seco otee 24.91 | 92.76 DSG6R ||. Mei ae 17.70 
Eg See ee ees 10. 00 | 49. 66 31. 86 BP Ai 3.90 91.68 232 §1.:35 7] 5.24 poe 
ee ee rg 12 BOs2a | ~ 28.17 22.03 | 4.06 6. 94 91. 43 1.073 10:27; Nase ee 
Ss Wee Be ie See [S  -BS. 742) -23300 17. 88 | 4.45 5.00). | 689: 07.|.. 1, 686 alos <cces a0 8.20 
i od leet Oe lLe~sl 65.53 38. 32 27.68 | 3.56 4. 33 89. 42 - 405 39165 |S42 seers 
ee eee eek at]. 1 18, GO 33.09 D2, || 4. 84 5. 54 | 87.36 065 PA. Sh2 Ye eee 
So SAE? Ss Fe 49. 60 18. 24 i ae La 3.76 | 4.73 | 90.54 eg Lids # ofa cine oe ae 33.9 
i= ae See | . 68.94 | 12. 20 10. 23 4.30 5. 06 205.73 bh 476350 jee Soe. =e 60. 1 
1. Ful ES Fad eo 1 56232 15.16 | 12.05 | 3.98 4.41 | 91.92 ATG: Joc teal 50. 0 
rie | 66. 81 | 8.05 6. 92 4.46 | 6.82 | 93.06 8. S0G oc eee 80.0 
i ee | 55. 68 12. 58 10. 51 4.78 | 7.85 91.40 424300 s2 aes cie 54.5 
Up a EA ees | 6 lute, 6. 60 | §. 32 5. 68 | Quoti. 89.340 x O527a a2 eo 74.8 
=, See jas aoe 30; 78r | P22. 701]. Mee 22116 87.40) 269: 59 | "e762 | | 20.85 | oo rabe 
Loa MSE A eee | 22. 26 31.41 23. 85 | 4.78 7.79 90.09 eO0S.| 22094. |. 2. eee 
_ 3 eB | 57.34 12.00 oi. 23 4.90 (APR: | OR. 7D Wb Ane Tiw | cee ees os | 58. 0 
* = Llc: eae Sia } 23.86 30. 26 22.76 4.55 | &. 40 89. 83 | - 788 19364 ||. . eg eke 
Listy s: 26 eae 16. 50 37.41 25. 84 | 3.02 | 5. 50 88. 27 - 441 Sltod ilcewe eae 
o 21) a ee | 28. 90 28. 64 20.79 3. 82 6. 63 88. 78 | 1.070 12. 31 | a eee 


1 This Eiephnts was used in reinforcing the lower grades of mine-run material. 
2 Combined oxides of iron and aluminum. 
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An inspection of Table 13 will show that samples Nos. 4—F, 4—-T, 
8—T, 9—T, 10—T, 11-T, 12—T, 13—T, and 16-T are so low in phosphoric 
acid as to eliminate them as commercial possibilities, unless they are 
reinforced with higher grade phosphates. But most of these samples. 
(8-T to 13-T, inclusive) were taken from the waste pond of an old 
phosphate plant and represent the detritus washed out from run-of- 
mine material in preparing a high-grade rock for the market. It will 
also be noticed that in most instances where the phosphate content 
of the samples is low and the silica content high, there is sufficient 
clay present to admit of adding enough higher grade phosphate rock 
to obtain the proper silica- lime ratio without substantially reducing 
the binding qualities of the resultant mixture. 

In Table 14 are given the quantities of sand and coke which were 
added to 100 parts of the better grades of mine-run phosphate to make 
up charges suitable for furnace treatment. The composition of these 
briquetted charges is given in the last six columns of this same table. 
In Table 15 these same data are given for mixtures of two or more 
samples of mine-run phosphate, and the figures show how many low- 
grade deposits may be utilized by mixing the material with that from 
near-by or adjacent deposits of higher erade. 


TABLE 14.—Briquets suitable for alist treatment formed by mixtures of natural 
phosphate rock, sand, and coke. 


Briquet mixture Calculated composition of briquet mixture (air-dried). 


SiOe: CaO =59: 41. 
Sample No. ; 
rane Sand. | Coke. | SiOx. | CaO. | PaOs. | Fes0a. | AlLOs. | Coke.t 

| ise Se. Uy i 
Grams. | Grams. | Grams. | Per cent.| Per cent.| Per cent.| Per cent.) Per cent.| Per cent. 
22S SORA Oe Para, 100 5.00 | 14.32 S1le6T Teo s 17. 96 Th Bie) ll ae ene 12.00 
(=) Tgp 2 a 100 14. 85 15. 65 32.10 22. 25 | 18.10 1. 60 6. 44 12. 00 
LEY) She Ronee 100 5. 20 14. 35 35.79 24. 84 18. 00 33. 200 ae aie 12. 00 
eed PE AS LE Te eRe a 100 10. 27 15.05 BA b |»; QQ4F 17.60 | 3. 24 5. 54 12.00 
| 4 bs eee Sere 100 20. 41 |! 16. 40 32.80 | 22.80 17. 62 3. 00 4.75 12.00 
(Se eae Be 100 28.91 | W790 + 32.70") 22.59 17.20 3.31 3.78 12. 00: 
117, (yaa ol Ng aes 100 20. 85 16. 47 S2a2bul = 22540 16. 54 3. 80 5.39 12. 00: 
1 aol Uy Rerum hes Spi ae 100 22.94 | * 16.75 32. 35 22.50 7.09 3. 42 5. 58 12. 00 
1S ik la pe al 100 19. 64 | 16. 30 32-000)" 22523 16.75 Baan | 6.18 12. 00 


Tha | 
1The fixed carbon plus ash considered as coke. The coke used in these experiments contains 14.9 per 
cent ofash. An analysis of this ash showed that the coke in the briquetted mixture adds 0.98 per cent 
SiOze, 0.02 per cent CaO, and 0.63 per cent AleO3,Fe2O3 to the mix. 
2Combined oxides of iron and aluminum. 


TABLE 15.—Briquets suitable for furnace treatment formed by mixtures of high-grade and 
low-grade phosphate rock with coke, 


Pe yet Neen Calculated composition of briquet mixture (air-dried). 
Ganiple tins. iat eee : ‘ 
Sephi. Sand. | Coke. | SiOz | CaO. | Pi0s. | AlaOs. | FesOs. | Coke 
an Grams. | Grams. | Grams. | Per cent.| Per cent.| Per cent.| Per cent.; Per cent.| Per cent. 
fem eene aren f4. 44,4 = i: 
Le eee epee See g eee 13.63 | 36.04] 24.01) 17.69], 23.84 |-........ 12. 00 
Sf Lh ee Oo le aed 35. 48 : 
| a a eae 64.52 \ tie 13.63 31.42 20. 92 17.00 3.80 5.00 12.00: 
C1 ea ee A ae 44.7 me 
ee ae ee age \ pee 43.63 | - 31.50] 21.90 |, 16.83 | > 3.74 | > 4.49 [> 18.00 
1 [GE Le SRS ae 63.6 ~ x 
Saas aS Pid \ aril 13.63 | 30.80| 21.45 | 16.95 4.251 6.68 12.00: 
| oe Nella At i hy eat I 2 33. 33 
TG 3) ME de She 33.33 23.10) |-- 16:79 33.00 22.95 16.55 4.89 Gate 12.00 
Bpsaeess sua 33.33 | | | 


1The fixed carbon plus ash considered as coke. 
An analysis of this ash showed that the coke in the briquetted mixture adds 0.98 per cent 


cent of ash. 


The coke used in these experiments contains 14.9 per 


SiOe, 0.02 per cent CaO, and 0.63 per cent AloO3,Fe203 to the mix. 


2 AJoO3, Fe2O3. 
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In several cases it will be noted that the quantity of phosphoric 
-acid- in the briquetted charge is from 1 to 1.5 per cent below that in 
other mixtures. This is due chiefly to the fact that in addition to the 
lime combined with phosphoric acid a part of this base present in the 
original phosphate samples was in the form of carbonate and there- 
fore the sand added to take care of the lime in this latter compound 
reduced the percentage of phosphoric acid in the briquets. 

In preparing the samples for briquetting purposes 1t was found 
that a Sturtevant hammer mill would grind run-of-mine phosphate, 
containing as high as 10 per cent of moisture, to 15 mesh without 
clogging the mill. From a commercial standpoint this is a very im- 
portant item, since much of the material as 1t comes from the mines 
contains a high percentage of moisture, the removal of which would 
prove quite costly. Moreover, since the presence of from 7 to 10 per 
cent of moisture in the final mixture is necessary in order: to give the 
material the proper plastic qualities for briquetting purposes, it would 
be unfortunate to have to dry the phosphate only to wet it again in 
order to briquet it. Where the material is so dry that 1t requires the 
addition of moisture before it can be briquetted, the water can best 
be added to the sand and coke, with which the phosphate is subse- 
quently mixed. It has been found unnecessary to grind the phos- 
phate finer than that which will go through a sieve having 15 meshes 
to the linear inch, although finer grinding aids somewhat in impart- 
ing greater resisting power to the briquets and probably accelerates 
slightly the rate of the reactions in the furnace. 

The briquetting machine of semicommercial size used in preparing 
the phosphate charges for furnace treatment is illustrated in Plate II. 

In Tables 16 and 17 are given the results of the shatter and com- 
pression tests on briquets made from mixtures of relatively high-grade 
phosphate, sand, and coke, as well as those on briquets made up of 
mixtures of two or more phosphates. The briquets were made up 
with varying percentages of moisture and the shatter and compres- 
sion tests were applied not only to the freshly made briquets but also 
to the air-dried and oven-dried samples. 


TABLE 16.—Shatter tests on briquets made from natural phosphate rock, sand, and coke. 


Fresh briquets. Air-dried briquets.! Sheuweredt 
| 

| |Shattered|Shattered| With- | Shattered) With- 

Sdmple No. | | =. on stood |comores-|,. OM. _| .Stood 

7 =e dropping | dropping | drop on | a |dropping| drop on 
Weights. H20. | be to vis of fost. of Hides of 

| cement | cement | similar aos cement | similar 

| floor. floor. | briquets. | floor. | briquets. 

| | Pounds 
Grams. | Per cent. Feet. Feet. Feet. per sq. in.| Feet. Feet. 
BS ees ey records 107.0 415214 5 Mea estas. [ooo ? 2 6 | 14 
Tigh pehese = Bb 105.5 | 13.53 | 10 ale ae SN A as. 9 | 16 
SBF (52345. (Ei fas.i: 108.7 13.45 AEP riss: Jaz ROE SS ash 122. . esses 8 20 
PRE Ag SRT 110.0 10.00 | 20+ RO raced nee cicenalcts ee koh ee 
>a: er eae eae nea 133.5 8.69 | 4 5 18 472 9 20 
Sy eee a ee | 124.7, 11.15 8 6 | 20 800 10 | 20 
ue ee ee 115.2 | 13.63 14 7 20 | 838 12 | 2 
Pei ai. 113.7 11.08 8 7 20 | 483 il 20 
o) Sehr eee) 126.4 13.13 12 8 20. | 654 12 | 20 
oe Se ell | 499.4 10. 49 12 SL, B PAGAL USS. AY: 7 20 
BOR tes erccrissry tis 105.2 9.50 8 6 15 815 9 | 20 
_= da. Ae 116.4 13. 14 10 7 16 | 950 12 15 
_ 34 gee Sees ae 131.3 9.90 9 6 18 | 724 9 20 
Dla ee ee 120.9 | 10. 47 12 6 18 | 793 10 | 20 
a ROE Sls PP AF 121.7 9.53 6 8 29 407 | 11 | 20 
rere 119:2.| 12.35 20 7 20 | 894 | 13 | 

2 es. ieee T15.7.1 12.62 wm. 11 20 | 538 10 | 20 
AT secs 24 120.6 | 13.27 20+ 8 20 887 13 | 20 


J Average weight=109 grams. Average H2O content=2.95 per cent. 


as mm er eS Se St + 
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TABLE 17.—Shatter tests on briquets made from mixtures of low-grade and high-grade 
phosphate rock with coke. 


‘ : . : Oven-dried | 
Fresh: briquets. Air-dried briquets. briquets. 
| | 3 is ass 
Sample No. | | Shattered | Shattered} With- Shattered | With- 
| | on drop- | on drop- |stood drop Conipres- | 02 drop- |stood drop 
| Weights. H:20. | ping to | ping to | on mass RHEL ae ping to | on mass 
| | cement | cement | of similar “1 cement | of similar 
| floor. floor. briquets. . floor. briquets. 
| Pounds 
| Grams. | Per cent.| Feet. Feet. Feet. per sq. in. Feet. Feet. 
as ai | dies se 12.00.) 19 12 Ts 728 14 20 
Gel ee oe 
Oe Saree \ 113.5 11.90 | 8 8 20 738 8 20 
hin ae - 103.0 14.30 10 10 20 960 10 20 
A aa a \ 111.6 14. 35 20+ 10 20 1,004 18 20 
Ite Sd MA 8 5 | | ; 
1K Wis eas 121.6 11. 02 9 8 15 811 ll 20 
BOT mascetes s 


With few exceptions all of the briquets in the air-dried condition 
withstood a drop on a cement floor of from.6 to 8 feet and a drop of 
20 feet or more upon a mass of other briquets. The drying of the 
briquets in an oven increased somewhat the effectiveness of the 
binder, but in actual commercial practice it would scarcely be eco- 
nomically feasible to, put them through a drying process. In charg- 
ing these briquets to a shaft furnace, however, they would never be 
subjected to a drop of over 15 feet upon a mass of similar briquets 
and therefore they would meet all practical requirements. 

Through the courtesy of two commercial firms, briquetted charges 
of several tons were made up with the silica-lime ratio given in the 
preceding tables and protracted tests made on a semicommercial 
scale in a modified form of blast furnace which is described later in 
this bulletin. 


EFFECT OF HIGH TEMPERATURES ON VARIOUS BRIQUETTED 
MIXTURES. 


The results obtained in these larger scale experiments indicated 
that the silica-lime ratio as well as the carbon content of the 
briquetted charge might be advantageously altered to give a some- 
what more rapid evolution of phosphoric acid without sacrificing the 
fluidity of the slag. Accordingly a series of laboratory experiments 
was undertaken to determine the following points: (1) The percent- 
age of coke to incorporate in the briquets for optimum reducing effect; 
(2) the optimum silica content required for the rapid elimination of 
phosphoric acid and the production of a fluid slag; (3) the most practi- 
cal temperature to employ to effect the decomposition of the phos- 
phate without undue erosion of the refractory lining of the furnace. 

Four batches of briquets were made up of run-of-mine phosphate 
from Tennessee mixed with sufficient sand to give the following ratios 
of silica to lime in the charge—59: 41, 61:39, 63:37, and 68:32. The 
amount of coke in the first batch of briquets (having the lowest 
silica content) varied between 12 and 15 per cent of the weight of 

the charge, and in certain briquets bituminous coal was substituted 
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FiG. |.—SEVERAL TYPES OF BRIQUETS USED IN LARGE-SCALE EXPERI- 
MENTS ON THE VOLATILIZATION OF PHOSPHORIC ACID IN AN OIL-BURNING 
FURNACE. 


S. 19379. 


FiG. 2.—EFFECT OF THE OIL FLAME ON BRIQUETTED CHARGE BEFORE 
FUSION TAKES PLACE. UNBURNED BRIQUETS-*ON RIGHT, BURNED 
BRIQUETS ON LEFT, AND BROKEN BURNED BRIQUETS IN CENTER SHOW- 
ING UNALTERED CARBON WITHIN THE MASS. 
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Fiag. |.—GENERAL VIEW OF ONE OF THE EARLIER OIL-BURNING FUR- 
NACE PLANTS FOR THE VOLATILIZATION OF PHOSPHORIC ACID, ARLING- 
TON EXPERIMENTAL FARM, VA., SHOWING FURNACE DUST CATCHER, 
PREHEATER, STOVES, AND ELECTRICAL PREC!PITATOR. 


S. 11477. 


Fia. 2.—A CLOSER VIEW OF THE FURNACE PROPER SHOWING SLAG 
HOLES IN CRUCIBLE. 
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for coke, this coal being added in sufficient quantity to supply 10 per 
cent of fixed carbon to the mass. After a number of tests, however, 
it was found that 14 per cent of coke was ample to give the proper 
reducing reaction sie this amount was used in the three other 
batches of briquets where higher proportions of silica were employed. 

In these experiments the same type of small injector gas furnace 
was used as that employed in the preliminary work where pure mix- 
tures of tricalcium phosphate, silica, and carbon were smelted, but 
in order to obtain somewhat higher temperatures than previously 
employed, the air for the combustion of gas was passed through a 
steel coil heated by two Bunsen burners. The air was thus pre- 
heated to a temperature of 250°C. This apparatus is shown in 
Plate III. 

When the furnace had been brought up to a temperature of 
about 1,575° C. a single briquet was dropped into an open graphite 
crucible and the heating continued from 20 to 50 minutes, readings 
being made at intervals of 5 to 10 minutes with an optical pyro- 
meter. Evolution of phosphoric acid usually began about 3 minutes 
after the introduction of the briquet and at the expiration of 10 
minutes the fumes were copiously evolved. The slags produced were 
poured upon a hollowed-out carborundum brick and after cooling 
were ground to 80 mesh and the phosphoric acid remaining therein 
determined by analysis, that which was evolved being calculated by 
meagre The results of these experiments are shown in detail in 
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The data given in the above table show that, on the whole, an 
increase in the silica content of these briquetted mixtures resulted 
in a more rapid evolution of phosphoric acid, but usually at the 
sacrifice of the fluidity of the slag. 

The ratios of silica to lime in the first and third batches of bri- 
quetes—namely, 59 : 41 and 63 :37—do not correspond to any definite 
calcium silicates but the proportions of these two ingredients (61 : 39 
and 68 :32) in the second and fourth batches coincide closely to the 
ratios of silica to lime in calcium trisilicate (Ca,Si,0,) and calcium 
di-meta silicate (CaSi,O;), respectively. 

Where the proportion of silica to lime was 59 : 41 (first batch of 
briquets) it required from 40 to 50 minutes to drive off the phos- 
phoric acid from the charge at a temperature of 1,600° C. In every 
other instance, however (where the silica content was higher), the 
nearly complete volatilization of phosphoric acid was accomplished 
in from 30 to 35 minutes. Yet the slight increase in the rate of 
evolution of P,O; where the proportion of silica to lime was raised 
above that in the second batch of briquets (namely, 61:39) was 
insufficient to offset the disadvantages of having a more viscous slag 
to tap and a greater weight of charge to smelt. Therefore a charge 
having the proportion of 61 silica to 39 lime was adopted as the most 
practical for the subsequent large-scale experiments.*® 

Another important point brought out by these experiments is the 
possibility of using bituminous coal as a reducing agent in the bri- 
quets in lieu of coke. Not only was it found that the evolution of 
the volatile hydrocarbons which are given off in the preliminary 
heating of such mixtures did not disintegrate or split the briquets 
but that there was an actual deposition of carbon (from the decom- 
position of hydrocarbons) throughout the mass which seemed to aid 
in the subsequent reduction of the phosphate mineral. These facts 
open up an interesting line of research on the feasibility of sub- 
stituting coal for at least part of the coke in the furnace charge. It 
seems probable, however, that such a procedure would necessitate 
altering the design of the furnace so that the extra amount of 
combustible gases evolved could be taken care of before the phosphoric 
acid was passed into the collector. 

The several types of briquets used in this experimental work are 
shown in Plate IV, Figure 1, and the effect of the preliminary 
heating on these briquets (before fusion takes place) is shown in 
Plate IV, Figure 2. 

The average temperature obtained in the experiments recorded 
above was approximately 1,600° C., although at times individual 
readings showed as high as 1,700° C. Either of these temperatures, 
however, is below the maximum obtained in blast-furnace practice, 
and where water-cooling devices are employed no undue erosion of 
the furnace lining is anticipated. It is true that the acid character 
of the slag produced in smelting the phosphate charge has a tendency 
to attack more vigorously a fire-brick lining than the basic or neutral 
slag obtained in the smelting of iron, but a balance would soon be 


46In the larger scale experiments subsequently described it was found, however, that the slags 
produced from charges of this composition congealed so readily that the tapping of the furnace was 
often rendered somewhat difficult. Further experimental work is being conducted with a view to 
determining a charge composition which will give a slag of greater fluidity at lower temperatures than 
1,600° C. without materially reducing the evolution of P2QOs. 
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g would freeze upon the furnace walls’ 


protecting them. from further action by the molten charge. 
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MANUFACTURE OF PHOSPHORIC ACID, 37 
LARGER SCALE EXPERIMENTS. 


With the exception of a few experiments conducted in the furnace 
shown in Figure 9, A, practically all of the larger scale work on the 
volatilization of phosphoric acid from briquetted charges of phosphate 
rock, sand, and coke Have been conducted in furnaces having certain 
features of both the open-hearth and blast-furnace types. While the 
dimensions of the furnace proper, the materials used for linings, and 
the character of the outer shell have been altered from time to time, 
the present furnace plan is in a general way the same as that 
employed in the earlier experiments. Briefly, this furnace consists 
of an elongated arched crucible, 12 feet in length, 2 feet in diameter, 
and 2 feet in height at the crown of the arch. In the center of the 
arched roof of this chamber is a circular opening leading up into a 
shaft or charge chamber 7 feet 6 inches in height and having the 
shape of the usual type of blast furnace. The throat of the chamber 
where it discharges onto the furnace hearth was originally 12 inches 
in diameter, but this was later reduced to 10 inches. This charge 
chamber widens out gradually until at the top of the bosh the 
internal diameter is 2 feet. From here on the walls of the chamber 
taper inwardly until at the top of the shaft the opening Is only 14 
inches in diameter. This chamber holds approximately 700 pounds 
of briquetted charge. One foot from the top of the furnace shaft is a 
flue leading into a dust chamber. The furnace was originally con- 
structed entirely of fire brick, but after a number of experiments it 
was found that the temperatures attained were so high (1,500° to 
1,700° C.) that it was desirable to replace them in part by carborun- 
dum brick. particularly since in the earlier work neither the crucible 
nor furnace shaft were steel jacketed and therefore no water-cooling 
devices could be employed. 

Both the dust catcher and the stoves for burning any combustible 
gases evolved from the furnace and regenerating the heat in the 
effuent gases were originally constructed of fire brick without any 
outer steel casing. These stoves were built together with a view to 
reducing radiation losses, but this plan also was found to be imprac- 
tical, since it was impossible to render the common walls of these 
stoves sufficiently tight to prevent the gases from one stove mixing 
with the air passing through the adjoining one. The likelihood of 
thus causing an explosion made it necessary to abandon them as a 
means for heating the air to the oil burners, so they were used only 
to burn the combustible gases evolved from the furnace. In order 
to obtain the preheated air which should have been furnished by the 
stoves, a fire-brick chamber was built containing a coil of 60 feet of 
4-inch steel pipe heated by means of asmall oil burner. The air 
required for the furnace in these earlier experiments was furnished 
by. three Leiman positive-pressure blowers. two having a capacity of 
160 cubic feet of free air per minute each and the third a capacity 
of 360 cubic feet. When the furnace was well heated the large and 
one small blower were employed to supply the air. These discharged 
into a 4-inch main which was constricted at each burner to 3 inches 
in diameter. Views of the furnace plant used in this earlier work 
are shown in Plate V, Figures 1 and 2. 

The oil burners finally adopted for the furnace and the ones which 
are still being employed operate with high-pressure oil (from 50 to. 
200 pounds per square inch) but with air at relatively low pressure 
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(4 to 8 ounces). The consumption of oil by these burners is con- 
trolled by the pressure and also by the size of the openings in the 
tips used. These burners work exceedingly well as long as the oil 
fed to them is thoroughly strained, but clog very readily if all 
sediment is not completely removed. The ends of these burners are 
surrounded by steel water jackets which in turn are set into the ends 
of the furnace at an angle of about 60° from the horizontal, so that 
the oil flame plays directly upon the hearth. A steel tank holding 
500 gallons is used as the main reservoir for the fuel oil, this tank 
being connected with a small 80-gallon tank provided with a gauge 
to measure the oilconsumption. The oil is fed by gravity to a pump 
which forces it to the burners under a pressure of from 30 to 200 
pounds per square inch. 

The phosphate used in the experiments with this first equipment 
was from hard-rock phosphate mines near Newberry, Fla. This 
material was run-of-mine phosphate, containing sufficient natural 
binder to make a good grade of briquets, which stood up well under 
preliminary shatter tests and exhibited no tendency to disintegrate 
upon being suddenly heated to a high temperature. The phosphoric 
acid content of this briquetted charge, exclusive of moisture and 
carbon (both of which are finally eliminated), was 19.99 per cent. 

A number of tests were made in this furnace before the auxiliary 
equipment was changed and the results of the last two experiments 
pare already been described in detail,*’ but brief summaries are given 

elow. 

The first of these latter tests was conducted for a period of only 
10 hours, during which time 2,200 pounds of briquetted charge were 
smelted. The rapid rate, however, at which this material melted in 
the shaft and discharged onto the furnace hearth allowed the lower 
strata of slag to cool to the point where phosphoric acid was not 
readily evolved, and also resulted (toward the latter part of the run) 
in the material freezing in the cinder notches, so that the furnace 
could not be tapped and had to be closed down. The average tem- 
perature of the preheated air delivered to the oil burners during the 
oreater part of this run was 250° C. and the highest temperature 
recorded on the hearth was 1,500° C. The volatilization of phos- 
phoric acid ranged between 38 and 63.5 per cent, or an average of 52 
per cent, the rate of evolution being about 80.5 pounds P.O; per hour. 
Since the oil consumption toward the last of the test was 94 gallons 
per hour, the yield (figured on this basis) was approximately 8.5 
pounds of P.O; per gallon of fuel oil. 

The next test was continued for a period of 20 hours, during which 
time 3,500 pounds of briquetted charge were smelted and run out of 
the furnace in a molten condition. In the earlier stages of this run 
numerous mechanical difficulties were encountered, but in the last 34 
hours of the test the furnace appeared to operate quite efficiently and 
an average volatilization of 97 per cent P,O; was obtained. The 
preheated air was delivered to the burners at temperatures ranging 
from 325° to 350° C. and the hearth temperature was between 1.500 
and 1,600° C. The final slag tapped had an average content of 0.77 
per cent P,O,, which corresponds to a volatilization of 97 per cent of 
that present in the original charge. The rate of evolution was 46.3 


( 47 Investigations on Pyrolytic Production of Phosphoric Acid. Jour. Chem. and Met. Eng. 23, p. 1057 
1920). 
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pounds per hour. The oil consumption toward the last of the test 


was reduced to 8.3 gallons per hour, yet the temperature of the 


furnace seemed to be efficiently maintained, so on this basis a 
volatilization of 5.6 pounds of P.O; per gallon of fuel oil was obtained. 
The old electrical treater (previously described) was used in this test, 
and since the precipitator pipes not only had too small a capacity 
but were also badly out of line, only a small proportion of the acid 
evolved was collected. The concentration of this acid varied from 
21.5 per cent to 64 per cent H,PO,, the stronger acid being collected 
toward the last of the run, when the temperature of the system 
had risen to the point where much less moisture condensed. 


PRESENT FURNACE EQUIPMENT AND LATEST RESULTS. 


After the completion of the experiments just described it was found 
that the fire-brick linings of the shaft and in the central portion of 
the crucible arch were in such bad condition that it was desirable to 
rebuild the furnace. In this later furnace the crucible and lower part 
of the furnace shaft were lined entirely with carborundum brick, fire 
brick being used only in the outer layers of the furnace walls and in 
the upper part of the charge chamber (above the bosh). The old 
stoves (having a common wall) were also torn down and replaced by 
four individual steel shells 4 feet in diameter and 10 feet high. Each 
of these shells was lined with fire brick and divided into two 
chambers—one for burning the combustible gases and the other filled 
with checker brick to act as a heat reservoir for preheating the air 
delivered to the oil burners. Suitable inlets and outlets (controlled 
by valves) were provided for the air and gas. An exhaust fan placed 
between the stoves and the electric precipitator served to draw the 
gases from the furnace through the stoves and introduce them into 
the collector, the temperature of these gases being reduced when 
necessary by a cooler surrounding the gas main. A ‘‘ Roots” positive- 
pressure blower capable of delivery of 1,000 cubic feet of free air per 
minute under a maximum pressure of 4 pounds per square inch re- 
placed the three small blowers previously used, and the air main to 
the oil burners was increased from 4 inches to 6 inches in diameter. 
There were also installed a recording gauge to show this air pressure 
and an instrument (Tapalog) connected with two pyrometers, which 
recorded the temperature of the gases from the stoves to the 
precipitator and that of the air delivered to the burners. 

By means of a small pipe (a bleeder) inserted in the furnace flue 
samples of the gases were withdrawn from time to time and analyzed. 
After considerable experimentation with this equipment the old 
fire-brick dust catcher also was removed and a steel cylinder lined 
me fire brick and provided with two baffle walls was used in its 

ace. 

: A number of experiments lasting from 10 to 20 hours were conducted 
in this furnace, but it became evident that water-cooling devices must 
be employed in order to maintain unaltered the interior dimensions 
of the furnace shaft, since in protracted tests the combined effects of 
the high temperature and the erosive action of the slag gradually 
wore away the linings. Accordingly the furnace shaft was again 
torn down and replaced by a steel shell lined in the lower portion 
with carborundum brick and in the upper portion with fire brick. 
This shell was bolted to a bronze basin which fitted over the carbo- 
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rundum arch of the furnace crucible. A water curtain was caused 
to flow over this shaft by means of a perforated pipe coiled around 
the upper part of the steel shell, this water being caught in the 
bronze basin mentioned above, from which it flowed by gravity to a 
steel tank holding 7,000 gallons and was returned to the furnace by 
a circulating pump. Individual steel plates (without any water-cooling 
devices) were bolted to the sides and ends of the crucible, it having 
been learned from previous experience that only the center of the 
crucible arch was appreciably affected by the temperatures attained. 

The first of the tests described below was made with this modified 
furnace. but while the water-cooled shaft and bronze basin answered 
the purpose for which they were intended admirably, leakage of the 
flame and gases through the joints of the crucible caused overheat- 
ing and buckling of the steel plates, a condition which grew worse as 
the run continued. Considerable difficulty was also caused by the 
breaking through of the slag at the tap holes, which made it apparent 
that it was not only necessary to have a gas-tight crucible but water- 
cooled cinder notches as well. While this test was only continued 
efficiently for five and a half hours after the furnace was first charged, 
a brief summary of the operation is given below. 

During the period between 2.40 and 5.15 p. m. July 26, 1922, 1,175 
pounds of briquets having a phosphoric acid content of 15.65 per 
cent were charged to the furnace, this being largely tapped off at 
5.40 p.m. The oil pressure during this period was maintained at 45 
pounds, equivalent to a consumption of 17 gallons per hour, and the 
temperature of the preheated air delivered by the stoves to the oil 
burners was 135° C. The average phosphoric acid content of this slag 
was 0.72 per cent, which is equivalent to a volatilization of 96.7 
per cent, or 3.5 pounds per gallon of fuel oil consumed. This 
evolution was surprisingly high in view of the fact that the temper- 
ature recorded on the hearth at the time of tapping was only 1,470° C. 
While this slag was being run off, 200 pounds more of briquets were 
added, but unfortunately almost immediately after the furnace was 
tapped an explosion occurred which blew off the top of one of the 
stoves, thus entailing a shutdown for a considerable period and a 
cooling of the furnace. Between 6 and 9.30 p. m. the furnace was 
only operated spasmodically, but during this time 450 pounds of 
briquetted charge were added. Much of this froze in the shaft, 
causing a stoppage of the draft and rendering it impossible to melt 
this charge out of the shaft with the oil flame, although attempts were 
made to dislodge it until 2.30 the following morning, at which time 
the burners were cut off and the furnace closed down. 

Before the last test described below was undertaken a steel shell 
varying in thickness from one-fourth to three-eighths inch was fitted 
around the furnace crucible, the joints being acetylene welded and 
the junction between the shell and the bronze basin braized. This 
change rendered the crucible and shaft of furnace gas tight. Water- 
cooled cinder notches of cast iron were inserted in the slag holes and 
bolted to the steel jacket. A system of perforated pipes made it 
possible to run a water curtain over the entire furnace shell. This 
water ran into a 6-inch steel trough riveted to the base of the fur- 
nace jacket and from here flowed into the large tank previously 
mentioned, from which it was returned to the system. From the 
standpoint of durability this furnace has proven eminently satis- 
factory, as after the last experimental run, lasting 70 hours, during 
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Fic. !.—PosiTIVE PRESSURE BLOWER FURNISHING AIR TO THE OIL 
BURNERS USED IN CONNECTION WITH THE LATEST PHOSPHORIC ACID 
FURNACE AT ARLINGTON EXPERIMENTAL FARM, VA. 


S. 11632. 


Fic. 2.—VIEW OF OIL TANKS AND PUMPING EQUIPMENT, WHICH DELIVERS THE 
FUEL OIL TO THE FURNACE AT A PRESSURE OF FROM 30 TO 100 POUNDS PER 
SQUARE INCH. THE AMOUNT OF OIL CONSUMED WITHIN A GIVEN PERIOD 
IS MEASURED BY THE GAUGE SHOWN ON ONE OF THE SMALLER TANKS. 
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which time over 4 tons of charge were smelted and tapped off as a 


molten slag, it is in excellent condition and ready for further experi- 


mentation. : 
Views of this latest plant are shown in Plates VI to XI, inclusive, 
and a plan view of the entire equipment is given in Figure 12. 
The data obtained in this three-day test, however, were not 
very satisfactory, owing to certain mechanical difficulties encoun- 
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12.— Plan of experimental plant. 
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tered throughout the run and the poor quality of the fuel oil 
which was furnished. It is felt, therefore, that no fair approxi- 
mation of the proportion of fuel oil required to the amount of charge 


smelted can be made. 


The oil burners were started at 8.30 a.m., November 8, 1922, after 
a coke fire had been burning in the furnace shaft for several days. 
The cinder notches were closed and the first briquets added at 
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2.50 p.m. Between this time and 5 p.m. 1,600 pounds of charge 
were added. The temperature of the gases to the stoves had at 
this time risen to 600° C., but the temperature of these regenerators 
was only sufficient to heat the air delivered to the burners to 75° 
C. During much of this time an oil pressure of 70 to 80 pounds 
was maintained which was equivalent to a consumption of between 
25 and 27 gallons per hour, but this pressure was reduced to 45 
pounds or 20 gallons per hour * at 6 p.m. The furnace was tapped 
for the first time at 7.10 p.m., the slag obtained being rather viscous 
and with a tendency to freeze in the cinder notches. This slag con- 
tained 8.05 per cent P,O,, equivalent to an evolution of only 61 per 
cent, or a yleld of 1.83 pounds P,O, per gallon of fuel oil consumed. 

The cinder notches were closed at 7.45 p.m. and from then until 
midnight a great deal of mechanical trouble was encountered, owing 
to the frequent blowing of the fuses of the motor driving the positive- 
pressure blower, and also to the fact that the oil burners became 
clogged and would not properly atomize the fuel. The distillation 
of unburned oil through the charge in the shaft deposited so much 
carbon in the precipitator that this part of the equipment had to be 
cut out until it could be cleaned. Moreover, scaffolds formed from 
time to time in the furnace shaft, owing to the alternate cooling and 
heating of this portion of the furnace, which made it necessary to 
operate for considerable periods with the top of the furnace open. 
Between the time of the last tap and 11.30 p.m., 1,325 pounds of 
briquets were charged, but owing to the irregularities mentioned 
above this was not in a very fluid condition and was not tapped 
completely out of the furnace until 8 a.m. the following morning 
(November 9), when the temperature of the hearth showed 1,600° C. 
The average phosphoric acid content of this slag (second tap) was 
8 per cent, which is equivalent to a volatilization of only 61.3 per 
cent. P.O,. 

At 8 a.m. the cinder notches were again closed and the furnace 
recharged, 1,100 pounds of briquets being added between 9 a.m. 
and 12.20 p.m. During thefirst three hours of this period, however, 
the blower had to be shut off a number of times because of the 
burning out of fuses, but this difficulty was finally remedied. The 
furnace was again tapped at 12.30 p. m. (third tap), but this slag had 
a content of 10.85 per cent P,O,, equivalent to only 45.8 per cent 
volatilization or 1.09 pounds of P.O; per gallon of fuel oil. This high 
P,O,; content in the slag reflected the adverse conditions under which 
the furnace had been operating for the previous four hours. 

The cinder notches were again closed at 1 p.m. and between 1 and 
4 p.m. 1,050 pounds of briquets were charged. The average tem- 
perature of the air to the burners during this period was 200°C. At 
3.15 p. m. a gas analysis was made which showed practically complete 
combustion of the fuel and oxidation of the phosphorus evolved. 
This analysis is given below: 


Per cent. 
PH, 1.0 
CO, :. 13. 2 
id Sep .4 
CO 2.8 
N,. 82. 6 


48 On account of the clogging of the burner tips from time to time, a definite oil pressure did not 
always deliver the same quantity of oil per hour. 
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The furnace was again tapped at 4.30 p.m. and this slag (fourth 
tap) showed 12.78 per cent of P,O, or a volatilization of 34.9 per cent. 
Since the temperature of the hearth on tapping was 1,570° C. and 
the working conditions apparently rather good during the period, 
the high P,O, content of this slag is somewhat difficult to explain. 
It was probably due, however, to rapid charging immediately after 
tapping the previous slag when operating conditions had been so 
adverse, and also to the fact that the oil consumption was so high 
that the material melted out of the furnace shaft at a more rapid 
rate than was desirable for the efficient elimination of P,O,. 

While this fourth tap was in progress 500 pounds of briquetted 
charge were added and at 6 p.m. the cinder notches were again 
closed. Between 5 and 8.30 p. m. 1,350 pounds of briquets were 
charged, but some trouble was experienced during this period, owing 
to scaffolding in the shaft from time to time. At 9.20 p.m. one side 
of the furnace was tapped (fifth tap), a portion of the slag showing 
5.9 per cent P,O,; or a volatilization of 70.1, but another sample of 
somewhat better appearing slag showed a content of only 1.18 per 
cent P,O,, equivalent to a volatilization of 94.4 per cent. The slag in 
the north end of the crucible, however, was so viscous that it did 
not tap readily, a condition which was probably caused by a channel 
which opened up in the shaft toward this end of the furnace some- 
time previously, which allowed the combustion of the oil to take 
place well up in the shaft rather than upon the hearth, where the 
maximum temperature is desired. One hundred pounds of charge 
were added between 10.20 and 11.20 p. m., largely to close the chan- 
nel mentioned above, but the north end of the crucible was not 
entirely tapped free of slag until 5.45 the following morning. The 
average phosphoric acid content of this slag (sixth tap) was 7.56 per 
cent, equivalent to a volatilization of 61.9 per cent P,O;. During all 
of this period the precipitator was cut off for fear the unburned oil 
or carbonaceous matter which distilled over from time to time would 
cause deposition of carbon in the precipitator pipes and on the cen- 
tral wires and result in the arcing across of the high-tension current. 

When the furnace was freed from the slag of the previous charge 
and the temperature of the hearth apparently sufficiently high for 
ready volatilization of P,O; it was decided to put in a charge and 
allow it to run through and maintain it in a molten condition on the 
hearth until the evolution of P,O, was no longer apparent. Accord- 
ingly between the hours of 7 and 9 a. m. 1,100 pounds of briquets 
were charged to the furnace. This was melted and ran entirely 
through the shaft at 10.30 a. m., the top of the furnace being left 
open during this period in order to observe the fumes. This proce- 
dure, of course, resulted in enormous losses of heat energy, not only 
due to the fact that the gases of combustion were discharged directly 
into the atmosphere, and therefore no regenerative effect gained as 
is the case when the shaft is full of charge, but also because the stoves 
could not be operated under these conditions, and therefore practi- 
cally no preheated air was employed. During this period from 8 a. m. 
to 12 noon the oil pressure was maintained at about 75 pounds per 
square inch, with an average oil consumption of 20 gallons per hour. 
Fumes of P,O, could no longer be readily detected at noon and at 
12.45 p. m. the furnace was tapped. The south cinder notch was 
opened and a molten slag ran out readily for 15 or 20 minutes (sey- 
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enth tap), but at the end of this time it was observed that the slag 
was growing more viscous and upon examination it was found that 
the oil burners were clogged and no longer properly atomizing the 
fuel. These burners were therefore removed and the small strainers. 
contained therein found to be almost entirely stopped by some sedi- 
ment. This shutdown entailed considerable loss of temperature 
which was not regained until 3.45 p. m., when the cinder notches 
were again opened and the furnace tapped freely. The average 
P.O, content of this slag (seventh and eighth tap) was 4.24 per cent, 
showing a volatilization of 79.4 per cent. Taking the seventh tap 
(namely, that made at 12.15 p. m.) as indicative of what would have 
been obtained had the burners not become clogged * the evolution of 
P.O, appears fairly efficient. While the actual figures show a yield 
of only 1.16 pounds of P.O; per gallon of fuel oil, the conditions under 
which the furnace was being operated (namely, an empty shaft, no 
heat regenerative effect, and a relatively high oil pressure) were such 
that fully three-fourths of the heat value of the oil was lost during 
the last two hours of operation. 

At 5 p. m. the furnace was again charged with a relatively small 
amount of coke and 550 pounds of briquets. This charge, however, 
went through to the hearth almost immediately so at 9.30 it was 
tapped and this slag (ninth tap) showed a P,O, content of 4.4 per 
cent or a volatilization of 78.5 per cent. At 10 p. m. the furnace 
was recharged with 150 pounds of coke upon which between the 
hours of 10 and 11 p. m. 700 pounds of briquets were charged. 
Batches of 100 pounds were continued at 10-minute intervals up 
until 11.40 p. m., when a total of 1,000 pounds had been added. At 
this time the furnace scaffolded somewhat, which was followed by 
channeling, and the oil pressure was accordingly reduced to 50 pounds. 
At midnight this pressure was taken down to 40 pounds (a consump- 
tion of 15 gallons per hour), since it was apparent that the amount 
of oil which was being delivered was in excess of that which could 
be efficiently burned in the furnace crucible. The top of the furnace 
had to be opened from time to time, since the furnace shaft was 
emptied at about midnight and this caused the flames to play directly 
on the furnace top, overheating it at times and also causing the 
stove valves to become dangerously hot. This heat was contin- 
ued, the oil pressure being maintained at 40 pounds for the rest of the 
run. The tapping was begun at 2 a. m., the stoves only being changed 
once between 10.30 p.m. and 2.30 a. m. and therefore the temperature 
of the air to burners during this period was less than 75° C. The in- 
troduction of a fresh stove at 2.30, however, raised this temperature 
to 175° C. The furnace was tapped clean, and closed down at 6 a. m. 
This slag (tenth tap) showed a P,O; content of 4.89 per cent, or a 
volatilization of 76 per cent P,O,, giving a yield of 1.29 pounds of 
P,O, per gallon of fuel oil. Since the top of the furnace was open, 
however, a large part of the time before the furnace was tapped, the 
bulk of the heat energy of the oil was lost. Only a portion of the 
P,O, was transmitted to the electrical precipitator, but approximately 
8 gallons of 45 per cent phosphoric acid was collected toward the 
last of this run. 


49 While the seventh and eighth taps were analyzed together, the character of the seventh tap indi- 
cated a high voltilization of P2O; 
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DISCUSSION OF EXPERIMENTAL RESULTS. 


The results of the tests so far conducted with the semicommercial 
equipment at Arlington Experimental Farm. Va., have demonstrated 
conclusively that it is feasible to drive off phosphoric acid nearly 
completely from briquetted charges of phosphate rock, sand, and coke 
in large-scale operations by means of burning fuel. 

It has also been shown that by the use of high-grade refractories 
and proper water-cooling devices a furnace can be constructed which 
will withstand the combined effects of extremely siliceous slags and 
the high temperatures (1,500° to 1,650° C.} attained in this process. 

Other points brought out by these experiments are the feasibility 
and advantages of having auxiliary equipment for heat regeneration 
and to make sure that only oxidized products are transmitted to the 
electrical precipitator where the phosphoric acid is collected. 

In the present furnace, however, which has a relatively short shaft 
or charge chamber, it is necessary to localize or concentrate the 
highest temperature upon the furnace hearth. During the last pro- 
tracted test (of 70 hours) just described, the impurities present in 
the oil frequently made it necessary to operate the burners at a rather 
high pressure in order to obtain proper atomization of thefuel. This 
high pressure caused a greater fuel consumption than was either 
essential or desirable. since it resulted in a long flame which burned 
well up in the shaft. causing the entire charge to soften and settle 
down upon the hearth in a semifluid condition. The lower levels of 
this viscous slag, therefore, were not exposed to the maximum tem- 
perature for a sufficient time to drive off the phosphoric acid either 
rapidly or completely. Ina furnace of larger dimensions with a higher 
shaft, and where much greater air pressures are employed (such as 
in the ordinary blast furnace), trouble of this kind would hardly be 
encountered, since the charge is kept in a more or less floating con- 
dition,®* and therefore while descending through the shaft is exposed 
to the necessary high temperatures for a considerably longer period 
than is possible in a plant of the present size. 

The concentration of the heat in the crucible of this small furnace, 
however, may be accomplished by a more thorough atomization of 
the oil at the lower pressures, which will result in shorter flames and 
less fuel consumption. These conditions were apparently fulfilled in 
some of the other experimental runs where rapid evolution and ex- 
cellent yields of P,O, were obtained. 

For the efficient working of this furnace it is also essential to elimi- 
nate the rather frequent shutdowns, such as were necessitated by the 
failure of the blowing equipment. The ratio of surface area to the 
volume of this furnace is such that radiation losses are far more 
serious than in a plant of large capacity. Even fluctuations in the 
amount of air delivered are apt to cause the formation of scaffolds 
in the shaft which further upset the relation between the oil and the 
air required for its combustion. Because of the small diameter of 
the furnace shaft, a scaffold often means a complete bridging over 
of the charge, which puts an added load on the blower to force the 
air through this partially fused mass. While scaffolds also form at 
times in large blast furnaces, the complete bridging over of the charge 


Johnson, J.E.,ir. Principles, Operation, and Products of the Blast Furnace .p. 115-122 (1918). 


46 BULLETIN 1179, U. S. DEPARTMENT OF AGRICULTURE. 


seldom occurs in normal operation, and if so may often be remedied 
by a momentary reduction in the air pressure. 

In order to remedy the main difficulties encountered in the last 
experimental run of the furnace, arrangements have been made for 
the installation of a coil of pipe in the oil line to the burners. This 
coil will be immersed in a vessel which is kept constantly supplied with 
hot water from the furnace-cooling devices. Such a scheme should 
make it possible to deliver the oil to the furnace almost at its flash 
pom and thus insure its thorough atomization and immediate com- 

ustion. 

A variable speed motor for driving the positive-pressure blower 
will also be installed, which will make it feasible to determine accu- 
rately the amount of air being delivered to the furnace, and thus 
adjust the oil accordingly. 

While it is expected that the above changes will largely remedy 
the mechanical difficulties heretofore experienced, it. would be of 
considerable advantage to substitute a single large pipe stove in place 
of the four checker brick stoves now employed. In a pipe stove the 
air for the combustion of the fuel is passed through a series of pipes 
contained in a casing or chamber lined with fire brick and heated by 
the hot and burning gases from the furnace. Such an arrangement 
makes it possible to obtain air at a more constant and uniform tem- 
perature and obviates the necessity of shifting stoves. To shift these 
stoves quickly in the present plant requires two laborers and an 
experienced man to direct them, and since the scientific personnel 
available for the protracted runs of this furnace is very limited, every 
possible device should be employed for conserving the time and 
energies of those directing the work and collecting the necessary data. 
An investigation is now being conducted in these laboratories on the 
effect of mixtures of P,O;, water vapor, and other gases at high tem- 
peratures on the various metals from which the pipes of such stoves 
may be constructed. 


ESTIMATED COST OF PRODUCTION. 


Before data can be obtained which will show conclusively the 
commercial feasibility of producing phosphoric acid by this process, 
it will be necessary to eliminate certain of the mechanical difficulties 
which have so far interfered with the efficient working of the present 
plant during the more protracted tests. It is believed that these 
mechanical troubles can be overcome and that then a continuous run 
of several days will make it possible to obtain figures which will more 
nearly show the relation between the fuel consumed and the acid 
eliminated from the briquetted charge. While these figures will be 
much less favorable in a small furnace than in one of larger dimen- 
sions where heat losses through radiation are less serious, if the data 
so obtained show economies over the sulphuric acid process, even 


- greater economies may be assumed where a plant of commercial size 


is employed. 

During the tests just described, however, there were periods of from 
three to five hours when the furnace appeared to operate quite effi- 
ciently and if the data taken at such times are considered indicative 
of normal working conditions, the cost of producing phosphoric acid 


51 Johnson, J. E., jr. The Principles, Operation, and Products of the Blast Furnace, p. 348-349 (1918): 
Wilcox, F. H. Bul. 130, Bureau of Mines, p. 188, 250-252 (1917). : 
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by this method appears economically superior to that which is now 
almost universally employed. 

Probably, if all the factors are considered, the fairest and at the 
‘same time some of the most favorable figures showing the ratio of oil 
consumed to the yield of product were obtained during the latter part 
-of the 20-hour test begun on October 8,1920. The cost data given 
below therefore are largely based on these results, and while it is 
assumed that the operation be conducted on a larger scale, in a 
furnace with an average daily output of 30 tons of P,O,, the fuel con- 
‘sumption per ton of P,O; produced is that actually determined in the 
last three and a half hours of this test with the Arlington furnace. 
In Table 19 is given the estimated cost of mine-run phosphate 
briquetted and ready for furnace treatment, in Table 20 the cost of 
producing 1 ton (2,000 pounds) of P,O; from this briquetted charge is 
shown, and in Table 21 the cost of manufacturing available phos- 
phoric acid by treating high-grade washed phosphoric rock with the 
‘liquid phosphoric acid thus produced is given. 


TABLE 19.—Quantities and estimated cost of mine-run phosphate and coke braize 
required per ton of P,O;, and cost of briquetting this mixture for furnace treatment. 


Cost— 
Charge and its manipulation for furnace treatment. Quantity. Per ton of Por tonot 
material. | P20s. 
Pounds. | 
Mine runrphosphateand sand 4 4545s Seco. ee snack cette tua TOS 542 eine a eos. ls crepe Naa eva 
EPI gE es A an Os Sis ea che ole wie cya'e apayninjqee.oe,< ua ete 10, 542 $0.75 $3. 53 
prying, 4. 54. 2 ees ae ARTE 2) EE 2 SO Free 10, 542 1291 1.18 
RSE Be ES a ee en ae er | eee eee 25 | 1. 18 
Oa aby Tears METAR Saleh ae Rie ot ee beg 2 oe ee ee Sk Ree LS 1,716 5.00 | 4.29 
Seis Ol oNe Pe Re eee eee ee ae Pe ee eee eee ee ae 1,716 5044 . 40 
eet MEN TIN Seo ra sand, ae tok ln ee coco he's 12, 258 1.25" 7.66 
METS oe 20, 220 Re ee 2 eS ie ee ee I I eee Pe eer eee 8.00 | 18. 24 


‘TABLE 20.—Estimated cost per ton of phosphoric acid (P,O;),90 per cent yield, produced 
by smelting briquetted charges of mine-run phosphate in an otl-burning furnace. 


Items. Cost. || Items. Cost. 
PBriquestedmmateigh o.oo. se nae anc- Fe: $18.24 Labor of 18 men, at $5 per day .......-.... $3.00 
Fuel oil, 360 gallons, at 2 cents per gallon..| 7.20 ustiranee® ESTILEy SPLe SOULE or Jack .50 
Pewertissss.|. gis ote 255 er teidesd ise Oeste ' 3.50 Overhead, PXPCMSEs ss oc oak mete vee ae 1.50 
‘Interest: on $100,000, at 6 per cent......... -55 
Depreciation on $100,000, at 20 per cent....| 1.82 Totalicost per tom \jo255. goes thes 36.31 
Totalicost per jwunit..- - .. soe. oon .36 


“TABLE 21.—Estimated cost of producing 1 ton of available phosphoric acid (P.0;) in the 


form of double superphosphate by treating high-grade phosphate rock with phosphoric 
acid obtained by the fuel furnace process. 


Cost— 
Item. Quantity. | Per ton | Per ton 
of of 
material. | product. 
Tons. | 

ISU PIERS AAA NEE 8 ion ciety a gare He 6 ow iin ne spine oo Opn ne ap 0.98 | $3.50 $3.43 
Seeuennant ateett OF ger tes Held 52). S277. ee Ee She 1 .67,) °° 36531 24.35 
LION OA fee) SS Sey. ake ae gn ci Aeigd ch ons tle bag Opps. af Lb ©, 21.30 | 2.68 
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1 Equivalent to 1.08 tons of H3;P04 (58° Baa) \s 
2Cost per ton of material handled. 
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By comparing the figures given in Tables 20 and 21 with those in 
Tables 3 to 7, pages 15 and 16, it will be seen that the estimated cost per 
ton (or per unit) of P,O,; produced by the fuel furnace method is con- 
siderably below that obtained by either the electric furnace or sul- 
phuric acid process. If the acid thus produced be used in the manu- 
facture of double acid phosphate the economy of this method 
appears even more marked. 

Whether or not efficiencies can be obtained throughout a protracted 
run commensurate with those indicated during certain short periods. 
of actual operation must yet be proven, and it is the intention of the 
writers to establish this point, if possible, with the present plant by 
eliminating the mechanical difficulties already cited. But the fun- 
damental principles established and the progress which has been 
made in large-scale experiments so far conducted make it appear 
that this general method of producing phosphoric acid will be com- 
mercially applied. 


SUMMARY AND CONCLUSIONS. 


During the last decade there has been a tendency toward a higher 
specialization in the American industries, but while the American 
fertilizer industry up to the time of the European war had shown a. 
rather steady growth, in some regards it had lagged considerably 
behind. It is now apparent, however, that fertilizer practice as a 
whole and phosphate production in particular are on the verge of a 
profound change. ‘This bulletin describes certain research investiga- 
tions of the Fertilizer Division of the Bureau of Soils and was pre- 
pared with a view to showing the commercial possibilities of the 
volatilization process for producing phosphoric acid and phosphatic 
fertilizers. 

The fundamental principles involved in the pyrolytic production 
of phosphoric acid are (1) at high temperatures, silica assumes the 
properties of a relatively strong acid and can displace the phosphoric 
acid of phosphate rock forming silicates of lime and free phosphoric 
anhydride (P,O;); (2) in the presence of a reducing agent, such as. 
coke, elemental phosphorus is produced and the decomposition of 
the rock is brought about at considerably lower temperatures. 

This process has four advantages over the sulphuric acid method’ 
of producing soluble phosphate. (1) Low-grade phosphates (high in. 
silica) unfit for sulphuric acid treatment may be used, since the pres-- 
ence of silica is necessary for the smelting method. (2) Since the: 
furnace process utilizes mine-run material, it is possible to dispense: 
with the costly steps of washing and screening the rock, which en-. 
tails the loss of so much phosphate. (3) The furnace process calls. 
for no sulphuric acid, which under present conditions is hauled to the: 
fertilizer plants as acid and hauled away again as gypsum in acid 
phosphate. This acid acts primarily as a reagent and actually dilutes. 
the final product. (4) By the use of electric or fuel furnaces near 
the phosphate mines it is possible to produce a relatively concen- 
trated product which can stand heavy handling charges and the cost 
of long freight hauls. 

The pyrolytic process of producing phosphoric acid is based on the 
old method of making: phosphorus, but the steps employed to-day 
are much less cumbersome and costly than in the earlier days of 
phosphorus manufacture. Numerous patents have been taken out 
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on methods of producing phosphorus, phosphoric acid, and phosphate 
compounds either in an electric or fuel furnace. In some of these 
rocesses a reducing agent is employed and in some the carbon is 
loft out of the charge. Combinations of the fuel and electric furnaces 
have also been proposed, but until recently it has been the general 
belief that the complete volatilization of phosphoric acid from mix- 
tures of phosphate rock, sand, and coke could only be attained in an 
electric furnace. Accordingly, the first work conducted in this bu- 
reau was carried on in a simple electric furnace using high-grade 
phosphate rock and fairly pure samples of sand and coke. In this 
investigation the Cottrell method of electrical precipitation was em- 
loyed for the collection of phosphoric acid fumes. This method 
as proven very satisfactory and has the advantage of recovering the 
uct in a relatively pure and concentrated form which can be 
andled and shipped at a minimum cost. A description of this pre- 
cipitator equipment is given in detail. 

The investigation was then carried out on a larger scale with a 
view to determining the commercial possibilities of the process. A 
cooperative arrangement was entered into with an outside concern 
and protracted tests made over a period of several days and weeks. 
Assuming power could be obtained at $25 per horsepower year the 
estimated cost per pound of P,O; in the form of phosphoric acid was 
3.37 cents, exclusive of imterest, maintenance, and depreciation 
charges. No means of heat regeneration were employed, but even 
on the basis of these figures the cost of the unit of P,O; was not very 
much in excess of that in acid phosphate during the war period, when 
the price of sulphuric acid was exceptionally high. Furthermore, by 
using the volatilized acid collected by the Cottrell precipitator for 
treating high-grade phosphate rock for the production of double 
‘superphosphate, the final cost of the umit of soluble P,O,; can be ma- 
terially reduced. Since these experiments were conducted electric 
furnaces of commercial size for the simultaneous production of ferro- 
phosphorus and phosphoric acid have been erected and economically 
operated. Most of the phosphoric acid produced, however, is sold 
for purposes other than fertilizers, as for these purposes it commands 
-a higher price. 

There is another factor, however, which has a direct bearing on the 
-cost of manufacturing P,O,; by thefurnace process. This is the great 
saving which can be effected by employing low-grade and run-of-mine 
phosphates unfit for treatment with sulphuric acid. A number of 
experiments were undertaken in the electric furnace at Arlington 
Experimental Farm, Va., to determine if these run-of-mine phos- 
phates could be successfully employed in the volatilization process. 
The results of this investigation are given in tabulated form, showing 
that complete volatilization of phosphoric acid may be readily ob- 
tained by the use of such charges. There are given also the estimated 
costs of phosphoric acid per ton and per unit by the sulphuric acid 
process and by the electric furnace process, using in some cases high- 
grade washed rock, and in others run-of-mine phosphates, and then 
treating phosphate rock with the phosphoric acid thus obtained. 
These estimates show that by the use of run-of-mine phosphates it is 
‘possible to reduce the cost per unit of P,O, to a point where it com- 
pares more favorably with that produced by the sulphuric acid 
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method. The main cost in producing phosphoric acid in the electric 
furnace is that of electric power, but with a properly designed furnace- 
and efficient auxiliary equipment it should be possible to reduce the 
power cost per unit of phosphoric acid very materially. Tables are 
given containing the thermal heat balance of two types of electric fur- 
naces, one in which practically all of the heat in the effluent gases is lost 
and the other of the shaft type wherein much of the heat is regener- 
ated. Itis pointed out that in a furnace charge containing sufficient 
carbon for the reduction of the phosphoric acid to elemental phos- 
phorus the over-all furnace reactions are exothermic. If, therefore, 
no heat were lost in the evolved gases from radiation and in the slag 
which is tapped off the reactions when started should go to an end 
without power consumption. 

While it is entirely possible that future developments of our 
water-power resources may make electric energy available at a price 
considerably below the present prevailing rates, under existing 
conditions the thermal unit can be obtained very much more cheaply 
from burning fuel than it can by electric energy. Therefore, if the 
necessary temperature can be attained and the conditions fulfilled 
for volatilizing phosphoric acid by means of burning fuel in lieu of the- 
electric arc a great saving in the cost of production should be effected. 
Charts and a table comparing the cost of the heat unit produced by 
electric power at present rates with that obtained from standard 
fuels at prevailing prices show very conclusively that the cost of the 
thermal unit obtained by fuel is far below that obtained by electric 
energy. 

The writers therefore undertook an investigation to determine if 
fuel could not be substituted for the electric arc. In the preliminary 
laboratory experiments where pure samples of tricalcium phosphate, 
quartz flour, and coke were employed it was found possible to- 
completely eliminate phosphoric acid from such mixtures providing 
reducing conditions were maintained within the mass and the 
materials so proportioned as to give a rather highly siliceous but 
fusible slag. The ratio of silica to hme adopted was approximately 
61 to 39, which is very close to the proportions of these ingredients 
in calcium trisilicate (Ca,Si1,0,).. The work was then continued on a 
larger scale. In these tests mine-run phosphates were employed and 
an oil-burning furnace used of such a design that the charge was heated 
indirectly. This type of furnace was abandoned as impractical since- 
it was evident that in order to make the process economically prac- 
tical the full calorific power of the fuel should be utilized, which can 
only be done by the direct heating of the mass. The most practical 
type of furnace to employ seemed to be a modified form of the blast 
furnace, but in order to maintain reducing conditions and handle a 
charge of mine-run phosphate containing much finely divided mate- 
rial it was necessary to briquet or nodulize the mixture. Accordingly, 
experiments were undertaken with a view to briquetting the mixtures. 
of finely ground phosphate, sand, and coke. Various binders were 
employed, but none of them were satisfactory either from the stand- 
point of price or their poor binding qualities. It was found, however, 
that in many typical phosphate deposits the percentage of very finely — 
divided material which is classed as clay was ample to give the 
mixture sufficient plasticity to make excellent briquets when the 
mass was moistened with about 7 to 10 per cent water. Many 
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deposits of run-of-mine phosphate in Florida and Tennessee are of 
such composition that they can be used in the furnace process either 
by the addition of sand to raise their silica content or by reinforcing 
with somewhat high-grade phosphates to give the proper silica-lime 
ratioin the charge. A series of laboratory tests were conducted with 
a view to determining the best proportions of silica and lime in the 
briquetted charge for the most rapid evolution of P,O;. The nearly 
complete volatilization of phosphoric acid from briquets having a 
silica-lime ratio of 69 to 31 was attained in from 30 to 35 minutes 
and the-slag was sufficiently molten to flow freely at 1,600° C. 
Another point brought out by these experiments was the possibility 
of using bituminous coal as a reducing agent in the briquets in lieu 
of coke. 

The large scale operations on smelting briquetted charges of phos- 
phate rock, sand, and coke were practically all conducted in a furnace 
holding 700 pounds of briquetted charge and having certain features 
of both the open-hearth and blast-furnace types. Near the top of 
the furnace shaft a flue leads into a dust chamber and from thence 
into a series of stoves for burning any combustible gases evolved 
from the furnace and regenerating the heat in the effluent gases. 
The auxiliary equipment of this earlier furnace was not entirely 
satisfactory. so it was later torn down and replaced by more suitable 
equipment. Oil burners set into water-cooled steel jackets furnished 
the fuel required for the heating of the furnace and in the earlier 
work three small positive-pressure blowers delivered the air required 
for the combustion of this oil. The phosphate used in these experi- 
ments was mine-run material obtained from the hard-rock fields of 
Florida. ‘Two tests conducted with this equipment are recorded, one 
of these lasting for a period of only 10 hours and the other for a 
period of 20 hours. In the first experiment an average evolution of 
52 per cent of P,O; was obtained from the charge, and while the 
slag finally congealed to the point where it was not possible to tap 
the furnace, the fuel consumption toward the latter part of the run 
indicated that the rate of evolution was 88.5 pounds per hour or 
84 pounds of P.O, per gallon of fuel oil consumed. 

The next test was continued for a period of 20 hours, during which 
time 3,500 pounds of briquetted charge were smelted and run out of 
the furnace as a molten slag. While numerous mechanical difficul- 
ties were encountered in the earlier stages of this run, during the last 
34 hours the furnace operated quite efficiently, temperatures as high 
as 1,600° C. being attained during this period and an average vola- 
ization of 97 per cent P,O; obtained. The rate of evolution during 
the latter part of this test was 46.3 pounds of P,O; per hour with a 
fuel-oil consumption of 8.3 gallons per hour. On this basis a volatil- 
hization of 54 pounds of P,O, per gallon of fuel oil was obtained. 
While the electrical precipitator was operated for only a portion of 
the time, a considerable quantity of phosphoric acid varying in 
strength from 21.5 to 64 per cent H,PO, was collected, the stronger 
acid being obtained toward the last of the test when the temperature 
of the system had risen to the point where very much less moisture 
was condensed. 

The refractory lining of the furnace after this test, however, was 
found to be in such bad condition that the furnace proper was rebuilt 
and carborundum brick used in those portions where the highest 
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temperature is attained. A new blower was installed, better aux- 
iliary equipment for conserving the heat of the evolved: gases built, 
and a recording pressure gauge and pyrometers also installed. The 
furnace proper of this plant was operated a number of times, but it 
was finally decided to water-cool the furnace in order to conduct 
tests over more protracted periods. Accordingly a new furnace shaft 
consisting of a steel shell lined with carborundum and fire brick was 
constructed, over which a water curtain was caused to flow. Later 
a gas-tight steel shell (water-cooled) was also built around the furnace 
crucible and cast-iron cinder notches (water-cooled) inserted in the 
slag holes. One of the tests conducted with the new equipment was 
continued efficiently for five and a half hours after the furnace was 
first charged, and during this period 1,175 pounds of briquets were 
smelted and tapped off asa molten slag. The phosphoric acid content 
of this slag was 0.72 per cent, equivalent to a volatilization of 96.7 
ver cent of P,O,, but since the fuel-oil consumption was relatively 
high (17 gallons per hour) the yield of P.O, per gallon of fuel oil was 
only 3.2 pounds. Just after the furnace was tapped an explosion 
blew off the top of one of the stoves and rendered a continuation of 
this test impracticable. 

The next test was continued for a period of 70 hours, during 
which time over 4 tons of charge were smelted and tapped off as a 
molten slag. The data obtained during this 3-day run was_ not 
altogether satisfactory, owing to a number of mechanical difficulties 
and the poor quality of the fuel oil used. A volatilization of from 
46 to 94.5 per cent of P,O; was obtained, but the sediment in the 
crude oil necessitated a very much higher fuel consumption than 
was desirable for the efficient working of the furnace. ‘Therefore the 
relation between the P,O,; evolved and the fuel consumed was very 
unfavorable. This last furnace equipment, however, stood up admi- 
rably under the high temperatures attained and is in a stand-by 
condition for further experimentation. 

The results of the tests so far conducted with the semicommercial 
equipment at Arlington Experimental farm, Va., have demonstrated 
conclusively that it is feasible to drive off phosphoric acid practically 
completely from run-of-mine phosphates in large-scale operations by 
means of burning fuel. They have also shown that a furnace can be 
constructed which will withstand for a protracted period the combined 
effects of extremely siliceous slags and the high temperatures attained 
in this process, but before data can be obtained which will show con- 
clusively the commercial feasibility of producing phosphoric acid by 
this process a number of the mechanical difficulties encountered 
must be remedied. 

During the tests so far conducted, however, with the semicommer- 
cial equipment, there were periods of from three to five hours when 
the furnace appeared to operate quite efficiently, and if the data 
taken at such times are considered indicative of normal working 
conditions, the volatilization method of producing phosphoric acid 
appears economically superior to the ordinary sulphuric acid method 
or to the electric-furnace process. Based on the data gathered 
between certain periods of actual operation the estimated cost of 
production by the fuel-furnace process is $36.31 per ton (or 36 cents 
per unit) of P,O; in the form of 75 per cent H,PO, and $30.98 per 
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ton (or 31 cents per unit) of P,O,;in the form of double acid phos- 
phate. These figures are from $8 to $13 below the most favorable 
ones recorded for the production of a ton of P,O; by the electric- 
furnace and sulphuric acid methods. Whether or not efficiencies can 
be obtained through a more extended run commensurate with those 
indicated during these short periods must yet be proven, but certain 
fundamental principles have been established. and such progress has 
been made that it appears hkely this general method of producing 
phosphoric acid will be commercially applied. 
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